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ABSTRACT 
Experimental results are presented on the propulsion 
performance of an MPD arcjet thrustor operated on 
both gaseous and alkali metal vapor propellants. The 
overall electric to thrust power efficiency appears to 
be primarily a function of the specific impulse and 
propellant type, and is quite insensitive to the abso-
lute value of either the input power or the applied 
external magnetic field. The propulsion data ob-
tained for engine operation with gaseous propellants 
at low mass flows is open to question because of the 
existence of gas entrainment; operation of the MPD 
arcjet thrustor with the condensable alkali metal 
vapor propellants, and thus reduced test tank back 
pressures, has reduced but not eliminated the 
possibility of interaction between the acceleration 
process and the test tank environment. Although 
the performance of the MPD arcjet (> 50o/o efficiency 
at 5000 seconds specific impulse) continues to look 
attractive, work is urgently required to determine 
the nature and extent of the gas acceleration process. 
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I. INTRODUCTION 
A. PROGRAM OBJECTIVE 
The objectives of this program, entitled Arc Jet Technology Research and 
Development, conducted under Contract NAS 3-5900 with the NASA Lewis 
Research Center, have been to explore the operation of the magnetoplasma-
dynamic (MPD) arcjet thruster and to evaluate the factors contributing to 
thruster life and overall energy conversion efficiency. 
B. PROGRAM ORGANIZATION 
This program originated from the Electric Propulsion Office of the NASA 
Lewis Research Center. Mr. H. Hunczak was Project Manager for the 
Electric Propulsion Office. Dr. R. R. John was Project Director at Avco RAD 
and Dr. S. Bennett was Associate Project Director. Principal Avco RAD 
participants and the areas in which they contributed are: Dr. A. Tuchman, 
Mr. G. Enos, and Mr. C. Simard, Thruster Development and Performance 
Testing; Dr. J. Yos, Thruster Analysis; Dr. Tuchman and Mr. W. Powers, 
Thruster Diagnostics. 
C. PROGRAM SCHEDULING 
This is the Final Report submitted under Contract NAS 3-5900; it covers the 
period from 3 June 1964 through 11 September 1965. 
D. TECHNICAL SUMMARY 
During the initial stages of the program, primary attention, both experimental 
and analytical, was directed towards the exploration of increases in specific 
impulse and efficiency which appear to be associated with operation of arcjet 
thrusters at low propellant mass flow rates and high current levels. It was 
postulated that the~e increases resulted from self-induced magnetic field 
effects. Apparent specific impulse values (thrust/mass flow rate) in excess 
of 10,000 seconds were obtained in a water-cooled arcjet engine with hydrogen 
propellant, at overall efficiencies of approximately 50 percent at power levels 
in the range of 100 to 200 kw. Tests were made with other gaseous propellants 
as well; in particular, argon, nitrogen and ammonia were used. Engine 
performance with ammonia was quite similar to that obtained with hydrogen, 
particularly with respect to the efficiency--specific impulse curve. Simple 
analyses were made of the engine performance based upon the cathode jet 
mechanisms proposed by Maecker5, and fairly good agreement between the 
predictions of these analyses and the measured values was obtained. 
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An external magnetic field coil was added to the engine to compare the 
increases in specific impulse and efficiency obtained from the self-induced 
field effects studied during the initial stages of the contract period with those 
due to externally applied magnetic field effects. Propulsion data were obtained 
with hydrogen and ammonia as propellants over a wide range of propellant 
flow rates, arc currents, arc powers, and applied magnetic field strengths. 
Overall efficiency values (at input power levels of 20 to 160 kw) for hydrogen 
were found to be 25 percent at 3000 seconds, 30 percent at 4000 seconds, 40 
percent at 5000 seconds. For ammonia (at input power levels of 20 to 80 kw) 
the data indicated efficiencies of 30 percent at 3000 seconds, and 35 percent 
at 3500 seconds.. Some data were also obtained with helium, argon, and 
nitrogen as propellants. An effort was made to separate the contributions to 
the measured thrusts from the different thrust producing mechanisms- -aero-
dynamic, self-induced, and external magnetic field effects. 
Experimental data were next obtained which suggested that environmental test 
tank gas entrainment may have been an important factor in the evaluation of 
magnetoplasmadynamic (MPD) arcjet propulsion performance. Specifically, 
the MPD arcjet was operated at a condition of zero mass flow (inlet gas off). 
It was found that electrode erosion was negligible and that at a fixed arc 
current the measured values of engine thrust and voltage for the gas -off 
condition were quite similar to the values obtained for the gas-on condition. 
The results thus indicated that under at least some conditions of mass flow 
rate and tank back pressure, the entrained gas flow was of the same order of 
magnitude as the metered inlet gas flow. Failure to include the entrained gas 
flow in the estimates of engine thrust power would lead to overestimated values 
for the thrust power and thus to overestimated values of the electric to thrust 
power conversion efficiency. 
In order to reduce the gas flow entrained by the MPD arcjet discharge an 
effort was made to operate the MPD arcjet at as low a back pressure as 
possible. Experiments with flowing ammonia and hydrogen were carried out 
at back pressures of the order of 100 microns. By using condensable pro-
pellants, e. g., the alkali metals, which can be readily cryopumped, the 
operating back pressure was reduced by at least three orders of magnitude to 
about 10-1 micron. Experiments were initiated using both cesium and 
lithium as working fluids in order to obtain lower operating pressures; further, 
cesium and lithium are both attractive as MPD arcjet propellants because of 
their potentially high frozen flow efficiencies when compared to hydrogen. 
Preliminary data were obtained with both cesium and lithium. 
During the same period, work was initiated towards a study of magnet sub-
systems. A critical problem in the application of the MPD arcjet to either 
a solar-electric or nuclear-electric powered spacecraft is the weight of the 
required subsystems. The MPD arcjet is inherently a low voltage device, 
and the power conditioning subsystem requirements are minimal; however, it 
is likely that the MPD arcjet will require either a permanent magnet or 
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electromagnet to produce the required external magnetic field. A preliminary 
study was carried out to determine the weight and power requirements of the 
external magnetic field subsystem. It became clear from this study that the 
critical parameter in the determination of the weight and power penalties 
associated with the external field was, as might be expected, the strength and 
shape of the required field. 
During the second half of the contract period, emphasis was placed upon 
operation of a low power (5 to 10 kw) MPD arcjet with cesium as the propellant. 
In a water-cooled thrustor design specific impulse values up to nearly 3000 
seconds were obtained, with no indication that any limit had been reached. 
The anode heating losses were substantial under these conditions with between 
50 and 70 percent of the input power lost in the anode. The overall propulsive 
efficiencies were therefore only of the order of 10 percent at 2000 seconds 
l5 P and 14 percent at 3000 seconds lsp . A radiation-cooled thrustor was built 
and operated with cesium as the propellant, and preliminary propulsion data 
were obtained with it, 
With cesium as the propellant, the required pumping speed of the vacuum 
system was greatly reduced compared to the value for operation in a gas 
such as ~ydrogen. Much of the propellant condenses in the test tank and need 
not be handled by the pumps. Thus a small diffusion pump was inserted into 
the test system and allowed testing at running pressures of the order of 0. 1 
micron as measured by an ionization gauge. 
During the final quarter thrust data were obtained using cesium and lithium as 
propellants with a radiation-cooled, low-power (5 to 20 kw) thrustor. Operating 
ambient tank pressures as measured with an ionization gauge were of the order 
of 0. 1 to 0. 2 micron, with ambient gas mean free paths of the order of the 
dimensions of the test tank itself. Operation of the engine with cesium yielded 
overall propulsive efficiencies of the order of 10 to 15 percent at specific 
impulse values of 2000-3000 seconds; With lithium as propellant, propulsive 
efficiencies of the order of 30 to 40 percent were obtained at specific impulse 
levels of the order of 4000 to 5000 seconds. 
A tentative model of MPD arcjet operation with cesium was developed. 
According to this model the MPD arcjet is principally an electrothermal device 
with the magnetic field serving in place of the conventional nozzle. Energy is 
added to the propellant from the electric field in random form. Expansion of 
the propellant in the magnetic nozzle yields the high observed specific impulse 
values. The model, though tentative, appears to explain certain qualitative 
features of MPD arcjet operation which are not easily explained otherwise. 
During this period also, measurements were begun to determine the distri-
bution of the magnetic field and current density in the exhaust jet of the 
thrustors. The measurements were made using Hall effect magnetic field 
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probes to determine the magnetic field distribution, and the current density 
distribution was determined from the measured magnetic field with the 
aid of Maxwell's equations. The prelimmary data obtained indicate that a 
rather sizeable fraction of the total arc current flows outside the physical 
confines of the engine and lends support to the "magnetic -nozzle" analysis 
put forth during the fourth quarter. 
The following papers were presented during the past year: 
1. Experimental Performance of a High Specific Impulse Arc Jet 
Engine by R. R. John, S. Bennett, and J. F. Connors (AIAA Preprint 
64-669), AIAA Fourth Electric Propulsion Conference, Philadelphia, 
Pennsylvania, 31 August to 1 September 1964. 
2. Recent Advances in Electrothermal and Hybrid Electrothermal 
Electromagnetic Propulsion, by R. R. John, and S. Bennett, Fourth 
Symposium on Advanced Propulsion Concepts, Palo Alto, California, 
April 25 to 28, 1965. 
3. Cesium Fueled MPD Arc Jet Engine 
G. Enos, R. R. John, and A. Tuchman 
Second Annual Meeting, San Francisco, 
1965. 
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Performance, by S. Bennett 
(AIAA Preprint 65-296), AIAA 
California, 26 July to 29 July 
II. MPD ARCJET ENGINE 
A. BACKGROUND 
While arcjet engines and Hall accelerators have been under development at a 
number of laboratories I, 2, 3 over the past five years, only within the past 
two years has the specific impulse level of 2, 500 seconds been exceeded. The 
acceleration mechanisms which produce the greatly increased specific impulse 
levels now attainable appear to be a combination of aerodynamic, self-magnetic, 
and applied magnetic field effects. These mechanisms, in different proportions, 
are now being used in the different laboratories to achieve specific impulse 
values from 2, 500 to 10,000 seconds, with major effort concentrated in the 
3, 000 to 5, 000 second range. A basic geometry, illustrated in figure l, 
characterizes virtually all of the improved accelerators. The units are 
cylindrically symmetrical, consisting of a central cathode surrounded by a 
coaxial anode. A magnetic coil is mounted coaxially with the thrustor, with 
the thrustor exit plane generally slightly downstream of the downstream edge 
of the coil. 
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Figure 1 SCHEMATIC OF HIGH IMPULSE ACCELERATOR 
Reference 4 discusses in some detail five basic thrust-producing mechanisms 
which have been identified in the literature as being characteristic of plasma 
generators of the type illustrated in figure l. These are {1) aerodynamic 
pressure forces; {2) magnetic pumping; {3) magnetic blowing; {4) aerodynamic 
swirl induced by MPD forces; and {5) Hall current acceleration. 
With the thrust resulting from mechanism {l) defined as Taero and the thrust 
from mechanisms {2) and {3) as Tself, it is shown in reference 4 that 
-5-
Taero p cAt ( l) 
and 
Tself (2) 
where 
Tpump (3) 
and 
(4) 
when the current enters the cathode uniformly after leaving the anode as a 
ring, or 
Tblo~ (5) 
when the current distribution at the cathode is similar to the distribution at 
the anode. 
In equations (1) through (5), 
Taero = aerodynamic thrust component, grams 
P c = chamber pressure, grams -force/ cm2 
At = throat area, cm2 
Tself = self MPD thrust, grams 
T = magnetic pumping thrust, grams pump 
Tblow= magnetic blowing thrust, grams 
= arc current, amp 
ra = outer radius of current distribution at anode, em 
rc = outer radius of current distribution at cathode, em. 
-6-
Tpump results from the interaction of the axial discharge current density, jz , 
with the self-induced magnetic field, Be . Tblow results from the interaction 
of the radial discharge current, jr , with the self-induced magnetic field, Be. 
Both Tpump and Tblow were identified by Maecker5. 
The magnetic swirl mechanism, 4 is associated with the bulk rotation of 
the gas and results from the interaction of the radial component of the current, 
jr , with an axial component of the applied mag~etic field, Bz , and from the 
interaction of jz with Br. In order to produce useful thrust, the rotational 
energy must be converted into axially directed kinetic energy by means of a 
nozzle. This basic thrust mechanism has been described by, among others, 
Hess, 6 Ellis8 and Powers and Patrick9. 
Finally, the fifth thrust mechanism results from the interaction of an induced 
azimuthal Hall current, j e, with the applied magnetic field. The most likely 
thrust-p:roducing interaction is the body force given by jeBr , but it is also 
possible to achieve thrust from the pressure produced by je Bz. These 
mechanisms have been investigated by Hess7, Seikel and ReshotkolO, Cannll, 12, 
Patrick and Powersl3, and Gourdinel4. 
The test~ performed during the early part of this contract period were made 
with engines utilizing only a weak external magnetic field for arc rotation and 
tested the first 3 of the 5 basic mechanisms (aerodynamic pressure forces 
and the two mechanisms associated with self-induced magnetic field effects) 
since their existence is not dependent upon the presence of an external magnetic 
field. The remaining two mechanisms which result from the interaction of 
the discharge current with an externally produced magnetic field were explored 
during the remainder of the contract period. 
B.. X-2 HIGH IMPULSE ENGINE 
1. Engine Configuration 
During the course of the third year of the 30 -kw arcjet engine program 
(Contract NAS 3-2593) a 50 to 250-kw liquid-cooled high specific impulse 
engine was developed and designated as the X-2 design. A sketch of the 
X-2 engine design is given in figure 2. The cathode consists of a water-
cooled copper rod with a tip of thoriated tungsten. The anode is water-
cooled copper. Propellant is injected tangentially upstream of the 
cathode, swirls over the cathode tip and through the throat, and is ejected 
immediately. There is no constrictor section in the X-2 design, and the 
arc discharge between cathode tip and anode is not confined or constricted 
over any appreciable length by a straight section. Moreover, the X-2 
design need not include a conical exit nozzle. The nozzle exit plane is 
very close to the throat (which is relatively large) and is joined to the 
throat by a rounded contour. 
-7-
I CX
l 
I 
64
-2
97
9 
CA
TH
OD
E 
GU
ID
E 
J1o
 f 
IN
 
TU
NG
ST
EN
 
TI
PP
ED
 
CH
AM
BE
R 
PR
ES
SU
RE
 T
AP
 
BO
RO
N 
N
IT
R
ID
E 
SP
AC
ER
 _
_
_
_
 
_
,
 
HO
US
IN
G 
W
AT
ER
 
D
IV
ID
E
R
--
--
--
' 
N
O
ZZ
LE
 R
ET
AI
N
ER
 R
IN
G 
_
_
_
_
 
_
} 
Fi
gu
re
 2
 
X
-2
A
 H
IG
H 
SP
EC
IF
IC
 IM
PU
LS
E 
AR
C 
JE
T 
EN
G
IN
E;
 S
CH
EM
AT
IC
 
The elimination of the constrictor section was prompted by a desire to 
operate an engine with very low mass flow rates. Experience with the 
30-kw engines indicated that the anode attachment zone tends to be moved 
upstream by reduction of the mass flow rate and that reduction below 
some minimum value tended to move this attachment zone into the con-
stricted region resulting in heavy constrictor damage and eventual engine 
failure. The desired use of low mass flow rates was also instrumental in 
the decision to eliminate (or severely truncate) the nozzle since at low 
mass flow rates and reduced operating pressures, viscous effects are 
expected to become more important. 
Shown as figures 2a and 2b are two variations of the basic configuration 
which have been tested. The anode of figure 2b (engine design X-2B) is 
a straight-through channel; that of figure 3 (engine design X-2C) includes 
a short supersonic nozzle section. The X-2C engine was used for the 
majority of the testing performed. For convenience, and comparison, 
figure 3 shows a schematic of the X-2C high impulse arcjet engine; 
figures 4 and 5 show photographs of the X-2C engine in assembled and 
disassembled views. 
2. Auxiliary Magnetic Field 
a. Weak Field 
For the exploration of the thrust mechanisms arising from self-
induced field effects, an external field coil which produces a maxi-
mum axial field strength of 500 gauss was used. The coil consisted 
of seven 9-inch diameter turns of water-cooled copper tubing, and 
was separately excited by rectifiers independent of the main discharge 
power supply. The coil has been mounted both on the test tank, and, 
in a separate series of experiments, on the thruster. In the first 
case accelerating forces exerted by the magnet on the propellant 
should not be sensed by the thrust stand, and in the second case these 
forces, if they exist, should be sensed. 
A map of the magnetic field produced by this coil is shown in figure 
6. Each arrow represents a measured value of the magnetic field 
strength at a coil excitation current of 1200 amp. The length of the 
arrow is proportional to the magnetic field strength, and its direction 
is that of the field at the point. The dashed lines of figure 6 have been 
sketchedin usingthemeasuredfieldvaluesas guides. The field strength 
has also been measured as a function of excitation current, and exhibits 
linearity over the range of excitation current 300 to 1500 amperes, 
i. e. , B ( r, z ) = k !field 
-9-
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The value of applied magnetic field strength did have an influence 
on thrustor performance, although this influence was small. Figure 
7 shows measured X-2C engine thrust as a function of coil excitation 
current at an engine current of 2000 amp and a propellant mass flow 
rate of 0. 050 gm/sec of hydrogen. For these measurements the coil 
was mounted on the test tank, so that the improvement in thrust as 
coil excitation current is increased is not a result of reaction force 
on the magnet. It is possible that increased axial field strength 
improves engine operation by moving the anode attachment region 
downstream, increasing ra in equation (3} and thus enhancing Tblow • 
Engine. efficiencies were slightly higher with the coil mounted on the 
engine, indicating that there is some reaction force on the magnet. 
The difference between magnet-on-thrust-stand and magnet-on-tank 
efficiency was, however, only of the order of the experimental 
scatter. The magnetic nozzle model which will be detailed in a later 
section may well account for both facts and discussion is therefore 
postponed to a later section. 
b. Strong Field 
The thrust mechanisms arising from interactions of the current dis-
charge with externally produced magnetic fields were explored using 
a field coil capable of producing a magnetic field strength of the order 
of 3 kgauss. The magnetic field coil was wound around the body 
of the engine with its axis coincident with the axis of the engine. The 
coil had an inner diameter of 7 inches, an outer diameter of 17 inches, 
and was 1-3/4 inches long. It consisted of 40 turns of 3/8-inch o, d. 
copper tubing and was water-cooled. The center of the coil was ad-
justed to coincide with the cathode tip. The maximum axial magnetic 
field strength at the center of the coil was limited to about 3 kgauss 
at a current of 1800 amp by the heat generated in the coil. ·The 
magnetic field strength was ·linearly dependent upon the current. 
Figure 8 shows a mapping of the magnetic field, Each arrow re-
presents a measured value of magnetic field strength. Its length is 
proportional to the field strength, and its direction is along the field 
at the point. The measured values have been used as guides to sketch 
in the field lines--shown as dashes in figure 8. The coil has been run 
at currents from 300 to 1200 amp, corresponding to an axial magnetic 
field strength in the range 0. 5 to 2. 0 kgauss. 
3. Test Systems 
a. Environmental Tank 
The X-2C MPD arcjet was tested in a cylindrical aluminum environ-
mental tank with a diameter of four feet and a length of six feet. The 
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tank walls are water-cooled to permit prolonged engine operation; 
two water-cooled viewing ports on each side of the tank may be used 
for visual or photographic inspection of the engine and its exhaust 
during operation. The amount of magnetic material within and in the 
immediate vicinity of the tank has been reduced to an absolute minimum. 
Aluminum, copper, or nonmagnetic stainless steel have been used for 
the fabrication of the thrust stand and its associated components, as 
well as for viewing port hinges, gas and liquid fittings, etc. A small 
tare in the thrust measurement is produced by a portion of the heat 
exchanger which is located some six feet from the engine and is 
fabric;;tted from magnetic material. The correction is of the order of 
a few percent and is included in the reported values. 
The primary system used to evacuate the tank is a 6000 ft3/min 
capacity mechanical pumping system. An auxiliary 34, 000 ft3 /min 
capacity pumping system may be used in parallel with this system. 
The primary system alone is presently capable of maintaining the 
ambient pressure in the environmental tank below 5 microns at 
blankoff and at a level of 50-150 microns during engine operation . 
. The first data obtained with the X-2C engine were taken at pressure 
levels of the order of 300-500 microns since no effort had been expended 
in order to reduce this back pressure, With increased understanding 
of possible effects due to gas entrainment, the pressure levels were 
reduced to those stated above. However, estimates of the tank pressures 
required to eliminate gas entrainment showed that pressures of the order 
of 0. 1 to 1 micron were necessary in order to effectively simulate the 
hard vacuum of space for lv1PD arcjet operation, This pressure level 
requirement could be met only by the installation of a large number of 
immense diffusion pumps and was clearly ruled out. 
The most promising technique for reducing the pres.sure levels in the 
test chamber during operation and thereby reducing the potential 
amount of entrained propellant is the use of easily condensable pro-
pellants in conjunction with cryogenic pumping. Towards this end, 
a 6 -inch diffusion pump and an 18-inch diameter, liquid nitrogen-
cooled baffle plate were installed. Blank-off pressures are main-
tained at between lQ-5 and 3xl0-5 mm Hg by this combined system; 
operating back pressures are maintained at approximately l/2xl0-4 
to 10-4 mm Hg with alkali vapor propellants. 
b. Instrumentation 
The various test and measurement equipments which are used to 
determine the performance characteristics of the X-2 engine are: 
1) the thrust stand, 2) temperature-measuring thermocouples, 3) 
current, voltage, and mass-flow meters, and 4) pressure gages. 
These are more fully described below. 
-18-
1 ) Thrust stand 
The engine is suspended from a thrust stand which measures 
thrust force directly. The thrust-stand displacement is sensed 
by a linear differential transformer whose output is recorded on 
a Sanborn type 1500 recorder. Calibration of the thrust stand in 
units of force is accomplished by standard pulley and weight 
techniques. The calibration is performed statically with the 
engine off, as well as during engine operation and at all operating 
values of magnet coil current. The thrust level is generally 
re.corded using a sensitivity of approximately 9 gm/ mm on the 
recorder chart for thrusts in the range from 90-200 gm, and with 
a correspondingly greater sensitivity for lower thrust levels. 
2) Thermocouples 
In order to accurately determine the thermal efficiency of the 
X-2 engines, the power dissipated in heating of the anode and 
cathode is measured by a standard calorimetric method. The 
temperature rise of cooling water in the anode and cathode is 
measured by differential iron-constantan thermocouples and 
recorded individually on a Sanborn recorder. The temperature 
difference between water inlet and outlet is converted to heat 
power from a knowledge of the rate-of-water flow through the 
electrodes. 
3) Current, voltage, and mass flow 
Both arc current and coil current are measured using prec1s1on 
50-mv shunt resistors and precision de millivoltmeters. The 
arc voltage is measured with a precision de voltmeter. The arc 
current and arc voltage are also measured and recorded on the 
Sanborn recorder to allow direct comparison with thrust and 
anode-cathode power at any time. As an extra precaution, the 
meter readings are hand-recorded as well. 
The propellant mass flow is measured with Fisher-Porter 
rotameter-type flowmeters. Coolant flow rates are measured 
using standard liquid flowmeters. 
4) Pressure gages 
Both engine chamber pressure and ambient tank pressure are 
measured with precision Wallace and Tiernan vacuum gages. 
The chamber pressure is measured with a 0-50 mm Hg gage 
in parallel with a 0-800 mm Hg gage for use a_t high mass flows. 
-19-
The vent pressure gage has a range from 0-20 mm Hg. Tank 
pressures below about 1 mm Hg are measured with a Stokes 
McLeod gage, and NRC alphatron, thermocouple, and/ or 
ionization gages. 
c. Power 
Electrical power to the X-2C engine is supplied from either one or 
both of a pair of 300 -kw silicon diode rectifiers, or from a set of 
4-40-kw selenium rectifiers for low power operation. The power for 
the magnetic field coil is supplied from a pair of 40 -kw selenium 
rectifiers. Both the arc current and the magnetic field coil excitation 
current are brought to the thrust-stand mounted engine through mercury 
pots in the base of the test tank. The engine is electrically isolated 
from the thrust stand and the anode, cathode and magnetic field coil 
are electrically isolated from each other as well as from the environ-
mental tank. The mercury in the mercury pots is covered by about 
an inch of diffusion pump oil in order to permit low-pressure 
operation. 
C. X-2 ENGINE OPERATION WITH GASES 
1. Weak External Magnetic Field 
a. Thrustor Performance 
The X-2C thrustor has been tested with varying input power levels 
and propellant mass flow rates in the gases hydrogen, ammonia, and 
argon. The thrustor chamber pres sure is found to be a function of 
mass flow rate in each of the three gases, and to depend weakly upon 
the thrustor current. As the current is increased at fixed mass flow 
rate the chamber pressure at first rises slightly, and then falls off 
after reaching a maximum value. The current level at which the 
maximum is reached is dependent upon the mass flow rate and the 
propellant type. The variation with current is slight compared to 
the variation with mass flow rate. Figure 9 shows the measured 
chamber pressure as a function of mass flow rate for each of the 
three gases tested. Measured pressure values for different thrustor 
currents are combined on the same figure. For hydrogen in the mass 
flow range 0. 01 to 0. 05 gram/sec the chamber pressure varies 
approximately in the range 5 to 25 mm Hg, for ammonia from 4 to 17 
mm Hg, and for argon from 2 to 13 mm Hg. The pressure is approxi-
mately linear with mass flow rate for all three gases. An analytical 
comparison of chamber pressure values among the three gases for a 
given mass flow rate depends upon information on the gas velocities 
and temperatures within the accelerator which is not yet available. 
-20-
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With the measured chamber pressures used as indicated in figure 9 
along with the measured throat area, aerodynamic thrust can be 
evaluated from equation {1) with the thrust coefficient set equal to 
unity. Figures 10, 11, and 12 display, for hydrogen, ammonia, and 
argon,respectively, total measured thrust and aerodynamic thrust as 
a function of arc current. For hydrogen {figure 10) the propellant 
flow rate is 0. 05 gram/ sec. The total thrust rises sharply with 
increasing current, going from a value of approximately 70 grams at 
an arc current of 1000 amp to a value of approximately 220 grams at 
an arc current of 2500 amp. Over the same current range the aero-
dynam~c thrust, calculated from equation {1) using measured values of 
chamber pressure, increases only from about 35 to 50 grams. 
The same trends are apparent in figure 11 for an ammonia flow rate 
of 0. 03 gram/sec. The total thrust again rises sharply with current, 
from slightly less than 50 grams at 1000 amp to more than 150 grams 
at 2500 amp, while the aerodynamic thrust is nearly constant at 
approximately 25 grams over the entire current range. 
For argon {figure 12) the picture is not so clear. The total thrust 
. exceeds the aerodynamic thrust by a factor of approximately 2, but 
the total thrust does not rise significantly as the current is raised 
from 1500 amp to 2000 amp. More data are required to determine if 
this behavior is standard for argon, or if one or more of the data 
points plotted in figure 12 is in error. 
It is of interest to plot the portion of the total thrust which does not 
come from aerodynamic pressure forces, Tself , where 
T self = T total - T aero {6) 
as a function of current. This has been done for hydrogen, ammonia, 
and argon, respectively, in figures 13, 14, and 15. The plots are 
logarithmic, so that apparent linearity corresponds to the relation 
(7) 
where I is the current in amp and the exponent n is given by the slope 
of the line. Both the pumping and blowing mechanisms described 
previously depend on the square of the current, so that if no other 
effects are present one should expect to find n = 2. 
Figure 13 displays Tself obtained from equation {6) as a function,of 
current in the current range 1000 to 2500 amp. Data for different 
hydrogen mass flows ranging from 0. 013 to 0. 050 gram/sec have 
been used. There is apparently no effect of mass flow rate upon the 
-22-
300.---------,---------~----------~--------~--------~~------~ 
HYDROGEN FLOW RATE: 0.05 GM/SEC 
ARC VOLTAGE:~ 70 VOLTS 
CHAMBER PRESSURE:"-'25 MM OF HG 
~2oor---------4----------+----------+----------+----~~~--~--------~ 
i // 
~ 
en ~ ~ 
J: 
1-
0:: 
0 
1-
TOTAL THRUST 
T SELF 
~ / ~L00~--------4----------4~----~~--+----------4----4-----+---------~ 
...J 
a. 
AERODYNAMIC THRUST-X- -- --- ~ 
- -1- - ) .,.,.. 
0~----~----~----~----~--~~~----~ 
0 500 1000 1500 2000 2500 
ARC CURRENT, amperes 
64-10330 
Figure 10 PLASMA GENERATOR THRUST VERSUS ARC CURRENT (HYDROGEN) 
-23-
en 
E 
0 
300 .----------r---------.----------.---------~----------~--------~ 
AMMONIA FLOW RATE : 0.03 GM/SEC 
ARC VOLTAGE:~ 40 VOLTS 
CHAMBER PRESSURE:~ 10 M M OF HG 
~200 r---------~--------~----------+----------+----------~--------~ 
1-
U) 
:J 
a: 
J: 
1-
a:: 
0 
1-
<[ 
/v 
v 
< TOTAL TH~O 
~ 100 ~--------~---------4----------+-~~-----+-----4----~--------~ 
a: 
w 
z 
w 
(!) 
~ ;/y 
• 
AERODYNAMIC THRUST-)(- -- - - - ---
I I TAERO o~------~--------~--------~--------~---4-t __ J_ ______ ~ 
0 500 1000 1500 2000 2500 
ARC CURRENT 1 amperes 
6 4- 10331 
Figure 11 PLASMA GENERATOR THRUST VERSUS ARC CURRENT (AMMONIA) 
-24-
.. 
300.---------,----------.----------.----------.----------.---------· 
'
ARGON FLOW RATE: 0.049 GM/SEC 
ARC VOLTAGE:~ 25 VOLTS 
CHAMBER PRESSURE:~ 12.5 MM OF HG 
E 200 
a 
~ 
"' 
1-
Cl) 
::> 
a: 
::t: 
1-
a: 
0 
1-
<( 
a: 
IJJ 
z 
IJJ 
(!) 
<( 
:::;; 
Cl) 
<( 
J 
Q.. 
100 
TOTAL --1-------.. THRUST~ ~9~------~--~r----
- t"\ 
AERODYNAMIC--+----. 
THRUST 
'r' TMPD 
-~- - -x - ·t- - I I I TAE~t 
oL----------L----------~--------~--------~----~----4---------~ 
0 500 1000 1500 2000 2500 3000 
ARC CURRENT,amperes 
64-10332 
Figure 12 PLASMA GENERATOR THRUST VERSUS ARC CURRENT (ARGON) 
-25-
., 
E 
0 
~ 
~ 
t-
en 
::l 
~ 102 ~----------~~------------------------------------~ 
t-
Cl 
a. 
::;: 
a: 
0 
l-
et 
a: 
w 
z 
w 
(!) 
<t 
::;: 
en 
<t 
...J 
a. 
64-103 3 3 
HYDROGEN 
FLOW RATE 
0 0.050 GM/SEC 
X 0.040 
0 0.030 
• 0.013 
Figure 13 PLASMA GENERATOR MPD THRUST VERSUS ARC CURRENT AND HYDROGEN 
FLOW RATE 
-26-
"' E 
~ I02 r---------------~~--------------------------------------~ 
1-
m 
:::> 
0:: 
J: 
1-
CI 
a. 
::0 
rn 
0:: 
0 
1-
<[ 
0:: 
LJ.J 
z 
LJ.J 
(!) 
<[ 
::0 
rn 
<[ 
_l 
a. 
AMMONIA 
FLOW RATE 
0 0.06 GM/SEC 
X 0.05 GM/SEC 
0 0.03 GM/SEC 
• 0.015 GM/SEC 
10 1 L----------------L---------L------J-----L---J---~~--J__j 
103 z 3 4 5 6 7 8 9 104 
ARC CURRENT,amperes 
64-10334 
-27-
A' 
<( 
z 
0 
::E 
::E 
<( 
0 
z 
<( 
I-
z 
w 
<><: 
<><: 
::::> 
u 
u 
<><: 
<( 
V'l 
::::> 
V'l 
<><=w 
WI-
><( 
f-0:: 
V'l3; ~0 
:C-J 
I- u... 
0 
Q.. 
::E 
<><: 
0 
I-
<( 
<><: 
w 
z 
w 
0 
<( 
::E 
V'l 
<( 
_J 
Q.. 
'<!" 
Q) 
... 
::> 
Ol 
u... 
• E 
~ 
'" 
.: 
., 
:::> 
!1: 
:J: 
1-
c 
0.. 
::! 
!1: 
0 
1-
<t 
a: 
.., 
z 
UJ 
" 
<t 
~ 
., 
<t 2 
.J 
0.. 
64-10336 
• 
ARC CURRENT, ompor111 
ARGON FLOW RATE 
Q 0.11 GM/SEC 
• 0 
0.49 
0.32 
Figure 15 PLASMA GENERATOR MPD THRUST VERSUS ARC CURRENT AND ARGON FLOW RATE 
-28-
magnetoplasmadynamic thrust in the mass flow range investigated. 
This appears to be true within experimental uncertainties for ammonia 
and for argon as well (from inspection of figures 14 and 15) although 
not enough data points have been obtained with these gases to reduce 
the experimental scatter. Returning to figure 13, the apparent slope 
of the experimental points is 1. 63, not far from the value of 2 given 
by the simple theory. 
The ammonia data of figure 14, for flow rates of 0. 015 to 0. 06 gram/ 
sec give similar results, although the scatter is more severe. Again 
Tself i~ insensitive to mass flow rate, and increases with a power of 
the current equal to about 1. 60. 
For argon (figure 15) there is again the indication that Tself is insen-
sitive to mass flow rate over the range 0. 032 to 0.11 gram/sec. The 
apparent slope of figure 15 is 1. 35, different from the slopes obtained 
for hydrogen and ammonia, and departing more strongly from the 
simple theoretical value of 2. Again, more data are required to sub-
stantiate these preliminary results with argon, or to change them. 
Figure 16 is a summary plot of the information contained in figures 
·13, 14 and 15 for hydrogen, ammonia, and argon. Tself is plotted 
versus current. The similarity of the results for hydrogen and 
ammonia is marked, as is the difference between these gases and 
argon. For reference, the magnetic pumping thrust (1 /212 ) is 
plotted on the same curve, to indicate the relative importance of this 
term and the blowing term in making up the total MPD thrust, and to 
indicate the theoretical slope of 2. 
b. Thrustor Diagnostics 
The principal diagnostic activity carried out at low applied magnetic 
field strengths has been to attempt to separate the pumping and blowing 
contributions to the MPD thrust, and thereby to verify the model of 
arc operation which includes the first three of the thrust mechanisms 
proposed in section II. A. The method which 'vas employed is based 
upon measurement of the static pressure at the cathode tip. 
The thrust which is produced by the pumping mechanism is given for 
a uniform current distribution or for a cylindrical current sheet by 
the relation 
Tpump = 1/2 r2 
in electromagnetic units. This thrust is delivered to the engine in 
the form of pressure forces exerted upon the surface of the cathode 
tip, such that 
-29-
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Tpump = f p cathode dAcathode (8) 
where llP cathode is the excess pressure on the cathode owing to the 
magnetic pinch on the current. If the approximation is made that 
llP cathode is constant over the effective area of the cathode within the 
limits of the current distribution (equivalent to assuming that the 
current leaves the cathode tip in a cylindrical sheet), then the integral 
of equation (8) can be replaced simply by 
T p-ump = (6. p cathode) (Acathode) · · (9) 
Substituting for T ·· from equation ( 3), and solving for A gives: pump cathode 
A cathode = l/2 12 I llP cathode .. (l 0) 
Therefore, a measurement of the current and the overpressure at 
the cathode tip gives an estimate of Acathode and hence of re: in 
equation (5). Now, with the assumption that ra is equal to the throat 
radius of the engine, Tblow can be evaluated from equation (5), and 
. the sum Taero + Tpump + Tblow can be formed and compared with the 
experimentally measured thrust. 
To make the required measurements of cathode overpressure a 
cathode was made with a 2. 3-mm-diameter hole bored on its axis 
and inserted in the X-2C engine. In experiments performed with 
this modified cathode, measurements were made of arc voltage, arc 
current, propellant mass flow rate, thrust, chamber pressure, and 
cathode tip pressure. The ambient tank pressure was maintained 
below l mm Hg. It was observed that engine performance was not so 
good with the modified cathode as with a regular cathode, but 
sufficiently larg~ MPD thrusts were obtained to make this diagnostic 
experiment useful. (See table A-4 of appendix A. ) 
Figure 17 shows measured cathode tip overpressure (i.e., the excess 
of cathode tip pressure over chamber pressure) as a function of 
current and hydrogen mass flow rate. Also shown on the figure are 
the results reported by Ducatil, et al, as well as much earlier work 
by Maecker5 in a high current carbon arc at atmospheric ambient 
pressure. The dependence of cathode tip overpressure on current 
is seen in figure 17 to be about the same for all the data; the agree-
ment in absolute value is somewhat fortuitous, and apparently 
indicates that cathode spot sizes are nea;rly the same in all three 
experiments. 
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6 10 
The area over which this cathode overpressure must act is now 
determined from equation (10), which, as has been pointed out 
earlier, is equivalent to assuming that the current leaves the cathode 
tip in a cylindrical sheet. Now, setting 
A cathode 
an estimate for rc can be obtained. Equation (5) can now be used to 
evaluate the contribution of the magnetic blowing term to the total 
thrust. Figure 18 shows the results of calculations made for currents 
of 1000, 1500, 2000, and 2500 amp. For each current the appropriate 
cathode overpressure is determined from figure 17 and the effective 
cathode area from equation (10). The radius ratio is then determined 
using the throat radius as ra, and the blowing and pinch terms are 
evaluated to give Tself obtained by subtracting T from the total 
aero 
measured thrust. Also shown on figure 18 is a theoretical line 
obtained from an analysis with a different assumption about the current 
distribution at the cathode, namely, that the current is uniformly 
distributed in an annulus at the cathode, the inner radius of the 
annulus being the radius of the pressure tap orifice. This analysis 
is mathematically more complicated, and is given in detail in appendix 
B. The values of Tself obtained with this current distribution are 
somewhat smaller than those obtained from the cylindrical current 
sheet assumption, but the total change is only of the order of 5 grams 
thrust. 
The agreement between experiment and theory indicated in figure 18 
is reasonably good, although far from perfect. With consideration 
for the fact that the analyses are affected in some degree by the 
assumptions which have been made (that the thrust coefficient is 
precisely 1, that the current all enters the anode at the throat, that 
the device is characterized by complete azimuthal symmetry, etc. ) , 
the degree of correlation between the theory and experiment is 
encouraging. 
c. Thruster Electrical Characteristics 
Figure 19 shows the measured thruster voltage as a function of 
current for a mass flow rate of approximately 0. 03 gram/ sec in the 
three gases hydrogen, ammonia, and argon. Over the range of current 
for which measurements have been made the applied voltage is 
relatively insensitive to current, rising slightly for each propellant 
as the current is increased from 1000 to 2000 amp. The voltage in 
hydrogen (approximately 65 volts) is significantly larger than in the 
other two gases, while ammonia and argon are fairly close to one 
another, at 35 to 25 volts, respectively. At a given current level the 
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voltage determines the input power, which is divided into power lost 
to engine cooling, power invested in propellant static enghalpy, and 
power invested in propellant acceleration. The higher voltage in 
hydrogen at this mass flow rate may be due to a higher investment 
in propellant static enthalpy, particularly in ionization. At higher 
mass flow rates the investment in propellant enthalpy rises, while 
the thrust power falls; at lower mass flow rates the reverse holds. 
As a result, the voltage tends to be insensitive to mass flow rate for 
a given propellant, within the ranges of current and mass flow rate 
which have been investigated. 
d. Thruster Propulsion Characteristics 
The overall efficiency of the X-2C high impulse thruster is shown 
for hydrogen, ammonia, and argon in figures 20, 21, and 22, 
respectively, as a function of propellant specific impulse. 
The propellant specific impulse and overall efficiency are defined by 
the relations 
I T/m' sp = ( 11) 
P thrust = 4.8 x 10-5 T2/m 4.8 X w-5 T Isp (12) 
Eff = p •hrus/P in ( 13) 
where I is the propellant specific impulse in seconds, T the thrust 
in grami' force, m the propellant mass flow rate in gram/sec, and 
Eff the overall electric to propulsive efficiency expressed as a 
fraction of unity, Pthrust the thrust power in kilowatts, and Pin the 
input power in kilowatts. Strictly, Pin should contain a quantity to 
account for the incoming propellant enthalpy (the propellant is injected 
at approximately room temperature) but this correction is small for 
the final enthalpies associated with the X-2C thruster, and has been 
neglected. Hence Pin is given by 10-3 V I, where V and I are the arc 
voltage and current in volts and amperes. 
With reference to figure 20, over the input power range of 75 to 250 
kw, and for mass flows between 0. 01 and 0. 05 gram/sec of hydrogen, 
the efficiency is approximately linearly related to specific impulse, 
increasing from about 10 percent at 2000 seconds to about 60 percent 
at 13, 000 seconds. Also shown in figure 20 are data reported by 
Ducatil, which exhibit similar behavior. It should be noted that the 
data exhibit considerable scatter; it is not known at this time if the 
scatter reflects slightly different operating modes from one engine 
test to the next, or if it is simply an indication that the random 
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experimental errors are of this order. More effort at duplication of 
these measurements should resolve this question. 
For ammonia in the mass flow range 0. 015 to 0. 06 gram/sec, and the 
power range 35-100 kw, the overall efficiency is slightly higher than 
for hydrogen. This is indicated in figure 21 where the ammonia data 
and a line representing the hydrogen data of figure 20 are both plotted. 
It should be expected that the efficiency would be higher with ammonia 
in the specific impulse range from 2000 to 6000 seconds, owing to 
frozen flow considerations to be discussed later in this report, but 
the argon data of figure 22 are in contradiction of this effect. In 
figure 22 the data for argon obtained at mass flow rates of 0. 025 
to 0. 10 gram/ sec, and in the power range of 50 to 60 kw are plotted 
along with the line representing the hydrogen results. The argon data 
fall on the hydrogen line, while the frozen flow efficiency of argon 
should be much superior to that of hydrogen around 2000 seconds. 
Again it is pointed out that the argon data are preliminary and consist 
of only a few points. More measurements are required to firmly 
establish the efficiency-specific impulse curves for all three gases, 
but particularly for ammonia and argon. 
When the hydrogen data of figure 20 are used it is possible to develop 
estimates of the important power loss mechanisms. These are 
indicated in figure 23 which again displays efficiency as a function of 
specific impulse. Partial efficiencies are defined as 
<arc Power to propellant/input power ( 14) 
Efrozen Power not in dissociation and ionization/power to propellant ( 15) 
E • 
expanswn Thrust power/power not in dissociation and ionization ( 16) 
<overall = <arc <frozen <expansion ( 17) 
The arc efficiency can be evaluated as the ratio of the difference of 
input power and power in the coolant to input power. These are all 
measured quantities, and these values are plotted on figure 23, along 
with the measured overall efficiency. The frozen flow efficiency 
can now be estimated based upon the gas stagnation enthalpy, if 
thermal equilibrium is assumed. Actually, a portion of the input 
power is translated directly into thrust power without passing through 
a thermal stage, and it is therefore likely that this estimate of the 
frozen flow loss is pessimistic, although it is thought to be not 
grossly so. 
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Finally, by using equation (17}, the expansion efficiency can be 
calculated. The interesting feature of the result of this calculation 
is that the expansion efficiency appears to level off at a value of 
about 64 percent for the specific impulse range beyond 5000 seconds. 
It appears from this preliminary analysis of the propulsive efficiency 
that the best immediate hope of increasing the efficiency may lie, 
therefore, in reducing the frozen flow losses and in increasing the 
arc heater efficiency (by use of radiation cooling, for example) rather 
than by concentrating efforts on increasing the expansion efficiency. 
Figures 24 and 25 display the calculated hydrogen enthalpy and tem-
perature, respectively, as a function of specific impulse. The total 
enthalpy in figure 24 is obtained from 
(18) 
where ht is the total enthalpy in erg/ gram, and where 1 kw is equi-
valent to 1010 erg/sec. The total enthalpy, ht, in turn is related to 
the static enthalpy, h8 , by . 
(19) 
where u is the propellant exit velocity in em/sec (= 980 Isp ). The 
static enthalpy as a function of specific impulse has been calculated 
from equation (19}, and is plotted as the dashed line in figure 24. 
The static enthalpy is seen to level off at about 6000 seconds, while 
the increase in total enthalpy comes almost entirely from the 1/2 u2 
term. Figure 25 has been obtained from the data of figure 24 by 
employing the assumption of thermal equilibrium to convert the 
enthalpies to temperatures. Total temperatures of a very high order 
are obtained, exceeding 105 °K at a specific impulse value of only 
8000 seconds. However, the static temperature levels off at about 
40, 000 °K, and further increases in the total temperature come from 
increased directed velocity rather than increased random velocity. 
The frozen flow efficiency can be computed once the enthalpy is 
specified, but there is an ambiguity as to whether the stagnation or 
static enthalpies should be used in making the calculation. This will 
actually depend somewhat upon the detailed mechanisms of energy 
addition to the gas, which are not yet well understood. Therefore, 
figure 26 shows the frozen flow efficiency calculated in each way, as 
a function of specific impulse, and based upon the division between 
static and kinetic enthalpy of figure 24. The definitions of the frozen 
flow efficiencies plotted in figure 26 are as follows: 
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€frozen, h 
t 
€frozen' h 
s 
ht - (Ediss (ht) + Eion (ht)) /rD. 
ht 
ht - (Ediss (hs) + Eion (hs) )/m 
ht 
where Efrozen , ht is the frozen flow efficiency based on the total 
enthalJ?Y• ht , and Ediss (ht) and Eion ( ht) are the powers associated 
with dissociation and ionization, respectively, at the enthalpy level 
given by ht; alternatively, cf •h is the frozen flow efficiency rozen 5 
based on the static enthalpy, h5 , ana Ediss ( h5 ) and Eion (h5 ) are the 
powers associated with dissociation and ionization, respectively, at 
the enthalpy level given by h 5 • 
The frozen flow efficiency based upon static enthalpy is always higher 
than that based on stagnation enthalpy at a given specific impulse, but 
the difference is small for values of specific impulse in excess of 
6000 seconds where both frozen flow efficiencies are in excess of 
0. 6. However, at 2500 seconds the difference is appreciable, the 
frozen flow efficiency being 0. 45 based on static enthalpy and 0. 30 
based on total enthalpy. 
The desire for a higher frozen flow efficiency motivates an examination 
of heavier molecular weight gases than hydrogen. Figure 27 shows 
an approximation of the frozen flow efficiency for argon, lithium, 
ammonia, and hydrogen as a function of specific impulse. These have 
been calculated with the assumption that dissociation of molecules 
into atoms ~s complete, and that each atom is singly ionized, inde-
pendent of the specific impulse level. These assumptions allow the 
calculations to be made most simply, but they are probably unrealistic 
at low values of specific impulse (order of 2000 seconds) and again 
at higher specific impulse for the heavier propellants. At the low 
specific impulse levels the ionization is quite probably not complete, 
while at the very high levels it is likely that multiple ionization of 
some of the propellants becomes important. The degree of multiple 
ionization will depend first on whether thermal equilibrium is esta-
blished, and if not then on whether the ionization level is established 
at a value appropriate to the static enthalpy or to the stagnation 
enthalpy, or to some intermediate value. 
If the curves of figure 27 are accepted in general as guidelines, with 
the realization that the absolute accuracies are doubtful, then it is 
still clear that the frozen flow situation improves in general as the 
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molecular weight is increased. Infact, with lithium, the frozen flow 
efficiencies are quite high although the molecular weight is only 7, 
owing to the very low first ionization potential. However, it must be 
pointed out that the indications of figure 27 are that argon should be 
greatly superior to ammonia, while in fact this has not proved to be 
the case in the laboratory. 
An investigation was made of the possibility that the relatively poor 
propulsion performance with argon was due to the fact that much high-
er levels of ionization than the first may be present. 
Ionization up to four times was considered. Even with this level of 
ionization the frozen flow efficiency of argon is superior to that of hydro-
gen, and it is also superior to ammonia if the latter is dissociated into 
nitrogen and hydrogen atoms, followed by ionization of the hydrogen and 
single ionization of the nitrogen atoms. It seems unlikely that argon 
atoms would be four times ionized without at least single ionization of 
hydrogen and nitrogen. Therefore, it has been tentatively concluded 
that the failure of argon to yield improved propulsion efficiency over 
hydrogen or ammonia is probably due to causes other than multiple ioni-
zation. 
2. Strong External Magnetic Field 
a. Thruster Electrical Characteristics 
An investigation has been made of the voltage- current characteristics 
of the X-2C MPD arcjet oriented in hydrogen and in ammonia. The 
variables w·ere arc current, applied magnetic field strength, and pro-
pellantflowrate. For all of these tests the ambient tank pressure was 
in the range 200 to 500 microns. Power was supplied to the engine 
from a silicon diode rectifier with a 300-kw capability. 
Figure 28 shows, for hydrogen mass flow rates of 0, 02 and 0. 05 
gm/ sec, the measured X-2C voltage as a function of arc current. The 
magnetic field strength is 1000 or 2000 gauss. (The magnetic field is 
characterized for discussion by the maximum value of the axial compon-
ent, which is found at the cathode tip. ) In the current range shown, the 
voltage-current slopes are near zero. There is some experimental 
evidence that at lower current values the slopes are negative. At a 
given current in the range 500-1600 amp the voltage level increases 
with magnetic field strength and mass flow rate, 
Figure 29 is a plot of the voltage-current characteristics for ammonia 
at mass flow rates of 0, 029 and 0. 058 gm/ sec, again for magnetic 
field strengths of 1000 and 2000 gauss. Compared with the data for 
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hydrogen, the ammonia voltages are significantly lower; however, 
they show the same general lack of sensitivity of the voltage to current 
level, and the same tendency for voltage to increase with magnetic field 
and mass flow rate at a given current. 
For all of the hydrogen data summarized in figure 28, the voltage spread 
is approximately 80 ± 20 volts. For the ammonia data offigure 29 the 
spread is in the range 46 ± 8 volts, so that not only is the voltage gener-
ally lower in ammonia, but the sensitivity of the voltage to variation of 
mass flow rate and magnetic field is also lower. 
In figure 30 voltage is plotted against magnetic field strength for both 
hydrogen and ammonia, Data are combined for different mass flow 
rates and currents, thus contributing to the scatter in the figure. There 
appears, however, to be a tendency with both propellants for the volt-
age to rise with magnetic field strength at a rate sufficient to be appar-
ent even with the experimental scatter. 
The data of figure 30 can be fit by relations of the form 
v (20) 
where V0 and k are unknown constants. V is the measured voltage and 
B the applied magnetic field strength. 
Patrick and Schneidermanl5 have proposed a theoretical justification 
for a relation of this form, A paraphrase of the discussion of reference 
15.suggests that the voltage for the device is established in that geo-
metrical region where the initial ionization occurs. By equating the 
ratio E/B in this region to the critical velocity for the propellant, uc, 
the relation 
V = V 0 + uc Bl (21) 
is obtained, where uc is the critical velocity (that velocity for a molecule 
at which the kinetic energy, 1/2 mv2, is equal to the energy required 
to dissociate the molecule and ionize the constituent atoms to the first 
level) and l is an unknown length related to some geometrical feature 
of the plasma generator. Data obtained with hydrogen, argon, and 
nitrogen were correlated with this formula in reference 15, and V0 
selected for each propellant, but with a constant value of l , the length. 
In the plasma generator of Patrick and Schneiderman, this length was 
taken as one centimeter, which is characteristic of the radial separa-
tion of the discharge region of attachment at the anode from the cathode 
tip. 
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The critical velocity, uc ' is 5. 6 X l o4 m/ sec for hydrogen and 2. 6 X 1 o4 
m/ sec for ammonia. Selection of V0 = 40 volts for hydrogen, to agree 
with reference 15, led to a choice of l = 5mm to fit the hydrogen data; 
the line drawn through the hydrogen data in figure 30 corresponds to this 
choice for l. With l fixed at 5 mm, the slope for the ammonia data is 
fixed, and the best-fit line of this slope is drawn on figure 30. 
Inspection of the fit obtainable in this way, especially for the ammonia 
data, indicates that agreement with the first order theory is less satis-
factory for these data than for those of reference 15; however, the 
theory does predict a lower slope for ammonia, which is observed, and 
further, it is plausible that the value of l applicable to the X-2C MPD 
arcjet should be smaller than that reported in reference 15, since the 
geometry employed there is more open, while the X-2 C MPD arcjet 
geometry employs a throat downstream of the cathode. Hence, it is 
quite possible that the theory is an acceptable first-order characteriza-
tion of variation of voltage with magnetic field in axisymmetric MPD 
arcjet devices, 
Figure 31 is a plot of measured X-2C thrust as a function of arc current 
for a fixed strong field (the applied magnetic field is approximately 
2000 gauss, axial, maximum), and hydrogen mass flow rate (0. 03 gm/ 
sec). As the arc current is varied from 600 to 1600 amp, the thrust 
rises from 80 to 260 grams. Over this same current range, T 
aero 
varies from 32 to 40 grams. If one uses equations (2), (3), and (4) for 
Tself , and the values reported earlier for rc , a curve to represent 
Tself can be calculated and drawn. This is indicated in figure 31. 
However, the sum of T and T If varies only between 40 and 95 
aero se 
grams over the current range 600 to 1600 amp, leaving the larger 
portion of the thrust unaccounted for. This excess of the thrust, the 
difference between the total measured thrust and the thrust which can 
be accounted for by the sum of Taero and Tself , is thought to be as-
sociated with the interaction with the strong applied magnetic field. 
We denote this extra thrust, for convenience, as THall, although it is 
by no means certain that a Hall effect is actually the thrust producing 
mechanism. 
I ·-~ 
It is not clear on a priori grounds what the dependence of Hall thrust 
should be on an applied current and magnetic field, although it is anti-
cipated that both parameters should be important in determining the 
magnitude of thrust. If the Hall current magnitude were proportional 
to (w r) and hence to B, it would be expected that the thrust would 
vary roeughly as I B2; I and one power of B establish the Hall current 
magnitude, while another power of B is involved in determining the 
jxB force resulting. However, this assumes that the volume of inter-
action is independent of B (the thrust is a volume integral of jxB) and 
this need not be so. 
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3000 
Hess18 offers experimental evidence that in the range of currents, 
mass flow rates, and magnetic fields applicable to these experiments, 
the Hall current magnitude is relatively insensitive to B. If this were 
the case for the X-2C engine operation, the Hall thrust would become 
a linear function of I x B, assuming again that the volume over which 
the interaction takes place is not B-dependent. 
In figure 32 the Hall thrust, defined as 
(22) 
is plotted versus the product IB, where I is the total arc current and 
B is the axial field strength at the cathode tip. I varies from 600 to 
1600 amperes and B from 1 to 2 kguass. Data for hydrogen mass flow 
rates of 0. 02 and 0. 03 gm/sec are included on the same figure. Al-
though there is experimental scatter, the correlation is fairly good. 
THall goes to zero for null values of the product IB and reaches ap-
proximately 160 grams at the peak IB value. 
Figures 33 and 34 are drawn for X-2C operation with ammonia. In 
figure 33 overall thrust is plotted against arc current for applied 
magnetic field strength of approximately 2000 gauss, axial, at the 
cathode tip. The ammonia mass flow rate is 0. 029 gm/ sec, and the 
arc current varies from 600 to 1600 amperes. As in the case of 
figure 31 for the hydrogen data, the aerodynamic and self thrusts 
have been estimated and plotted on figure 33. The difference between 
the total measured thrust and that which can be accounted for by aero-
dynamic and self magnetic mechanisms alone is assigned, tentatively, 
to the Hall effect. 
In figure 34 the Hall thrust deduced in this way, THall , is plotted 
against the product of arc current and peak applied axial magnetic 
field strength. The correlation of THall with IB is less satisfactory 
for ammonia (figure 34) than for hydrogen (figure 32). Perhaps more 
important, the magnitude of THall is smaller in ammonia than in 
hydrogen at each value of IB ; at the higher values of IB by a factor of 
3 to 4. Hence, it appears that the applied magnetic field plays a smaller 
role in acceleration of ammonia than in acceleration of hydrogen. It 
has indeed already been noted that the arc voltage in ammonia is less 
sensitive to magnetic field than the arc voltage in hydrogen. 
c. Thrustor Thermal Efficiency 
In this section, data are presented which determine the 11 thermal 1' 
efficiency of the X-2C MPD arcjet. By thermal or arc efficiency is 
meant the quantity 
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Power to gas 
Power to arc 
where the power input is taken as the product of applied voltage and 
arc current without correction for the incoming gas enthalpy. For 
the enthalpy levels associated with the X-2C MPD arcjet this correc-
tion is negligible. (Actually, much of the power input to the engine 
is in the form of directed kinetic energy without passing through a 
thermal stage, but the term "thermal efficiency11 is taken over from 
the usual arc heater terminology.) The heater efficiency is deter-
mined by measuring the power lost to the anode and cathode water 
cooling circuits, according to equation 23a. 
pcool 
p. 
lfl 
(23a) 
VI 
where mw, CP and 11T are the mass flow rate, specific heat, and 
'w w 
temperature rise, respectively,, of the coolant water. 
In practice, the cathode heat loss is small under all conditions of 
X-2C MPD arcjet operation, varying between approximately 0, 5 and 
2 kw as a function of current and mass flow rate. The anode heat 
loss, on the other hand, is in general substantial. 
In figure 35 p 1 in kilowatts i's plotted as a function of current for coo 
a number of test runs of the X-2C MPD arcjet. The tests were 
made in hydrogen at mass flow rates of 0. 02 and 0. 05 gm/sec, and 
with applied magnetic field strengths varying from 500 to 2000 
gauss. Data points corresponding to the mass flow rate of 0. 02 gm/ 
sec are indicated by open circles, while those for the 0. 05 gm/ sec 
flow rate are represented by crosses. In addition to these points 
are plotted several reported by Cann16 and by Ducati17; the data of 
reference 16 were obtained at a hydrogen flow rate of 0. 02 gm/sec, 
while those of reference 17 correspond to a hydrogen flow rate of 
0. 025 gm/sec, 
Several features are clear from inspection of figure 35. First, the 
correlation of Pcool with current is fairly good; the data points 
corresponding to different mass flow rates and to different magnetic 
field strengths exhibit relatively little scatter. Second, the data 
reported by Cannl6 and by Ducati17 also correlate reasonably well 
with those measured at this laboratory, although there are differences 
in the MPD arcjet geometry and magnetic field configuration among 
the devices employed at the three laboratories, Finally, these data 
can be represented reasonably well over most of the current range 
by a straight line of slope equal to unity, which is consistent with a 
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0 
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u 
0 
constant voltage drop at the electrodes representing most of the heating. 
At the highest currents Pcool tends to fall away from this line, but 
within about 30 percent the data for currents ranging from 100 to 3000 
amp can be accounted for by a constant voltage drop of about 26 volts. 
In contrast, the sensitivity of the anode and cathode heat transfer to 
mass flow rate seems very slight. 
The line drawn on figure 35 is simply a smooth curve fitted by inspec-
tion to the data. This same smooth curve is repeated on figure 36, 
where Pcool is plotted as a function of current for X-2C operation with 
ammonia as the propellant. The ammonia mass flow rates represented 
in figure 36 are 0.029 and 0. 058 gm/sec compared with the hydrogen 
flow rates of 0. 02 and 0. 05 gm/sec of figure 35. The magnetic field 
variation for the data of figure 36 is again 500 to 2000 gauss. Inspec-
tion of figure 36 reveals that the data are fitted remarkably well by the 
line drawn to represent the hydrogen data of figure 35; therefore, the 
major features of the electrode heating in hydrogen operation are ap-
plicable also to operation in ammonia. Again, sensitivity to mass 
flow rate of propellant is slight for the two mass flow rates plotted"in 
figure 36 • 
1- 10 
a: 
"' ;o 
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Q. 
100 
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Figure 36 POWER TO COOLING VERSUS ARC CURRENT (AMMONIA) 
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10,000 
The success in fitting heat transfer data for both hydrogen and ammonia 
with a single curve motivates examination of data which have been 
obtained in other gases as well. Figures 37, 38, and 39 are curves 
analogous to figures 35 and 36, and are drawn for helium, nitrogen, 
and argon. In each case the smooth curve is the one which was fitted 
to the hydrogen data of figure 35. 
In figure 37, data are presented for helium mass flows of 0. 014 and 
0. 058 gm/sec; only a single magnetic field strength of 500 gauss was 
employed. The scatter of these few data points is more severe, and 
it is not at all certain that the quantitative trend of Pcool with current 
is precisely the same as for hydrogen. FUrther, there appears to be a 
systematic but small dependence upon mass flow rate. Still, the 
hydrogen curve fits the data tolerably within the accuracy with which the 
helium trend can be estimated. 
Figure 38, for nitrogen, can be commented upon in much the same 
way. There is some apparent dependence upon mass flmv rate between 
flow rates of 0. 018 and 0. 055 gm/sec, but very little difference between 
0. 055 and 0. 09 gm/sec. For the few data points which are available, 
the hydrogen curve provides a tolerable fit. 
Finally, argon also seems to fit this general heat transfer characteristic, 
as indicated by figure 39. For argon there is little systematic depend-
ence of heat transfer on mass flow rate between 0. 044 and 0. 088 
gm/sec, The hydrogen curve is again a tolerable fit. 
Several conclusions may be tentatively reached on the basis of the data 
of figures 35 through 39. These are: 
l) Electrode heat transfer rates are most sensitive to current 
among the parameters which have been varied. 
2) Electrode heat transfer is much less sensitive to accelerator 
configuration (e. g., the agreement between values obtained at 
this laboratory and those of references 16 and 17), magnetic field 
strength, propellant mass flow rate and propellant type. Further, 
since different propellants have widely varying characteristic 
voltages (see, for example, figure 30), operation at a given current 
in two different propellants implies operation at different input 
power levels; therefore, electrode heat transfer is sensitive neither 
to mass flow rate nor to input power, and so it is insensitive, over 
the ranges plotted, to enthalpy. 
3) The electrode heat transfer can be represented fairly well by 
a constant electrode voltage drop of approximately 26 volts. 
-62-
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4) On the basis of conclusions l) through 3) it would appear 
that convection is not a dominant process in transferring heat to 
the electrodes. Rather, some effect involving plasma sheaths and 
the electrode fall zones seems to be much more important, 
With this understanding of the absolute magnitude of the electrode 
power losses in the X-2C MPD arcjet, the thermal efficiency data are 
readily explained. Figure 40 shows, for hydrogen, thermal efficiency 
as a function of applied magnetic field strength. Mass flows of 0. 02 
and 0, 05 gm/ sec were used, with arc currents of 500, 600, 1000, and 
1600 amp. The solid symbols represent data obtained for the higher 
mass flow, and the dashed curves are drawn through these symbols. 
In general, based on figure 40, the thermal efficiency increases with 
current and magnetic field strength for the higher mass flow rate, and 
shows very little systematic variation with either current or magnetic 
field strength at the lower mass flow rate. In the range of parameters 
where the best propulsion performance has been obtained (high current, 
high magnetic field strength) the thermal efficiency varies between 65 
and 75 percent. Referring to figure 28, it can be seen that the arc 
voltage shows only a slight dependence on current and on magnetic 
field strength at the 0. 02 gm/sec mass flow rate, while it increases 
with magnetic field strength at the 0, 05 gm/ sec mass flow rate. Since 
the cooling power losses are essentially fixed by the arc current 
according to figure 35, the thermal efficiency is determined essentially 
by the arc voltage. 
Figure 41 is drawn for ammonia and again plots thermal efficiency versus 
applied magnetic field strength for mass flow rates of 0. 029 and D. 058 
gm/ sec and arc currents of 600, 1000, and 1400 amp. There is some 
apparent tendency for the thermal efficiency to rise with current and 
magnetic field strength, and, at the higher currents, with mass flow 
rate. At the higher values of current and magnetic field strength, 
thermal efficiencies in the range 35 to 50 percent characterize the data. 
Thus, the thermal efficiencies for ammonia are, under similar condi-
tions, on the order of two-thirds of the thermal efficiencies in hydrogen. 
Referring again to figure 30, the same statement can be used to describe 
the operating voltage. The implications for overall propulsive efficiency 
are examined in the following section. 
d. Overall Efficiency 
The overall propulsive efficiency is defined as the ratio of thrust power 
to input power: 
4.8 X lo-3 T2 4.8 X 10-3 T I8 p 
•o m pin pin ( 23) 
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where f is the overall propulsive efficiency expressed in 
0 
percent, T is the total thrust in grams, ~ the propellant mass flow 
rate in gm/ sec, and Isp the specific impulse in seconds. Pin• the 
input power, is taken as l o-3 IV, in kilowatts. 
Figures 42 and 43 show, for hydrogen and for ammonia, the overall 
efficiency as a function of specific impulse. 
Each figure includes data taken over a wid·~ range of conditions; in 
figure 42, for hydrogen, the arc current varies approximately by a 
factor of 5 between 300 and l6fJO amperes, the applied magnetic field 
. by a factor of nearly 3 between 0. 75 and 2 kg9-uss,. the propellant 
mass flow rate by a factor of 2. 5 between 0, 02 and 0, 05 gm/ sec, and 
the arc voltage by a factor of 2 between 55 and 105 volts, In figure 
43 for ammonia, the variation is between 600 and 1400 amp in arc 
current, 0. 75 and 2 kgauss in applied magnetic field, 0. 029 and 0. 058 
gm/ sec in ammonia flow rate, and 35 and 55 volts in arc voltage. 
Still, for each propellant, all the da.ta on overall efficiency ver s;.ls 
specific impulse fit very closely to a single curve. Within the range 
of parameters tested, the overall efficiency is then essentially a 
function only of Isp' and not independently of field strength, power . 
input, current, or propellant flow rate. To emphasize the independence 
of efficiency, at a given impulse, to input power level, the data of 
figures 42 and 43 have been coded so that different symbols apply to 
the different power ranges 20 to 40 kw, 40 to 80 kw, and 80 to 160 kw. 
Inspection of the figures indicates that the curves drawn to represent 
each power level are, within the experimental scatter, the same curves. 
It could be concluded, tentatively, that it shouH therefore be possible 
to achieve compa:rable efficiency-specific impulse curves at lower 
levels than those which have been employed. 
Figure 44 is drawn for comparison of hydrogen and ammonia in terms 
of overall propulsive efficiency. In each case the smooth curve is 
drawn to fit the d.:~.ta of figures 42 or 43, and the experimental scatter 
is indicated by the bars drawn on the ammonia c1.1rve. The indication.3 
of figure 44 are that the overall propulsive efficiency of the X-2C 
engine is somewhat higher in ammonia than in hydrogen by approxi-
mately 5 to 10 absolute points. That is, at a specific impulse of 
4000 seconds the efficiency with hydrogen is almost exactly 30 percent, 
while for ammonia the range 35 to ·10 percent is indicated.. Estimation 
of the frozen £low efficiency is dlfficult, since the enthalpy level at 
which freezing occurs is unknown. A considerable portion of the input 
energy is inserted directly in the kinetic form, so that the static 
enthalpy need :not be excessively high. Estimation of the expansion 
-69-
I 
-
.
.
.
! 
0 
10
0 
~-
--
--
--
--
-.
--
--
--
--
--
-.
--
--
--
--
-~
.-
--
--
--
--
~.
--
--
--
--
-~
~-
--
--
--
-~
~-
--
--
--
--
-.
--
--
--
--
--
-.
--
-~
 
AR
C 
C
U
R
R
EN
T:
 3
0
0
-1
6
0
0
 A
M
PE
R
ES
 
80
 I 
I A
R
C 
VO
LT
AG
E:
 5
5-
10
5 
VO
LT
S 
-
6
0
 
c Il
l u
 
..
. Il
l c
. ~ 
>- (.)
 
z LL
I ~ 
40
 
u
. 
u
. 
LL
I 
.
.
.
J 
.
.
.
J 
<
( 0:
 
LL
I >
 
0 
2
0 0
0
 
ss
~e
zs
 
A
P
P
LI
E
D
 
FI
E
LD
: 
0
.7
5-
2 
KI
LO
G
AU
SS
 
H
YD
R
O
G
EN
 F
LO
W
: 
0.
02
-0
.0
5 
G
M
/S
EC
 
6.
 
6.
 
t:
::
./
 
_
,.
,-
z:s
: 
X 
I 
L
,.
-6
-
6 
A,
t::
:. 
~6
, ~
 
0 
0 
rn.
)JJ
~S:
 ~
~
~
 
L 
~X
~~
~ 
10
00
 
2
0
0
0
 
30
00
 
4
00
0 
S
P
E
C
IF
IC
 I
M
P
U
LS
E
, 
se
co
n
ds
 
0 
2
0
-4
0
 K
W
 
X
 4
0
-8
0
 K
W
 
6.
 8
0-
16
0 
KW
 
5
0
0
0
 
60
00
 
7
00
0 
Fi
gu
re
 4
2 
O
V
E
R
A
LL
 E
FF
IC
IE
N
C
Y
 V
ER
SU
S 
AR
C
 E
N
G
IN
E 
SP
EC
IF
IC
 I
M
P
U
LS
E 
(H
YD
RO
GE
N)
 
~
7
 
~
I
\
 8
0
0
0
 
-c
 u
 
u
 
~
 
u
 a
. 
>- u z ....
 
- u
 ~ .... 
I 
.
.
.
.
 
-
J 
.
J 
.
.
.
.
.
.
 
.
J 
I 
c E ....
 
>
 
0 
e
o
r
-
-
-
-
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
-
-
-
-
r
-
-
-
-
-
-
-
-
-
-
-
-
.-
-
-
-
-
-
-
-
-
-
-
-
, 
6 
0 
1
--
--
--
--
--
--
+
 
A
R
C
 
C
U
R
R
E
N
T
: 
6
0
0
-1
4
0
0
 A
M
P
E
R
E
S
 
A
R
C
 
V
O
LT
A
G
E
: 
3
!5
-!
5
5
 V
O
LT
S
 
A
P
P
LI
E
D
 
F
IE
L
D
: 
0
,7
5
-2
 K
IL
O
G
A
U
S
S
 
A
M
M
O
N
IA
 
F
L
O
W
: 
0
.0
2
9
-0
,0
5
8
 
G
M
 /
S
E
C
 
40
1 
I 
I 
I 
/
/
 
..
..
..
. 
)/
 
I 
X 
/ 
I 
•
•
 
/ 
X 
>0
< 
X 
~
X
 Q 
2
0
-4
0
 K
W
 
)( 
40
-e
o
 K
W
 
OL
--
--
--
--
--
-~
--
--
--
--
--
--
-L
--
--
--
--
--
--
~-
--
--
--
--
--
-~
--
--
--
--
--
--
~-
--
--
--
--
-~
 
0 
10
00
 
2
0
0
0
 
3
0
0
0
 
4
0
0
0
 
!5
00
0 
6
0
0
0
 
6
5
-8
2
6
 
S
P
E
C
IF
IC
 
IM
P
U
L
S
E
, 
s
e
c
o
n
ds
 
Fi
gu
re
 4
3 
O
V
E
R
A
LL
 E
FF
IC
IE
N
C
Y 
VE
RS
US
 A
R
C 
EN
G
IN
E 
SP
EC
IF
IC
 I
M
PU
LS
E 
(A
MM
ON
IA
) 
80
 
W
O
R
KI
N
G
 F
LU
ID
: 
A
I\H
JO
N
IA
 
( 
S
P
E
C
IF
IC
 
O
V
E
R
A
LL
 
IM
P
U
LS
E
 
E
F
F
IC
IE
N
C
Y
 
60
 
2
0
0
0
 
20
 
-c
: 
3
0
0
0
 
3
0
 
Q
) (,)
 
4
0
0
0
 
4
0 
..
. 
Cl
) 
5
0
0
0
 
50
 
Q
. .
 
>
 
(,)
 
/ 
<
!! 1.&
1 
4
0 
(,
) 
u.
 
u
. 1.&
1 
I 
.
J 
.
J 
-
J 
"'
 
N
 
a:
 
I 
1.&
1 
~"'"
""''
' 
>
 
0 
20
 
0 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
0 
10
00
 
20
00
 
30
00
 
4
0
0
0
 
50
00
 
60
00
 
8
5
-8
2
7
 
S
P
E
C
IF
IC
 
lll
iP
U
L
S
E
, 
s
e
c
o
n
ds
 
Fi
gu
re
 4
4 
O
V
E
R
A
LL
 E
FF
IC
IE
N
C
Y 
VE
RS
US
 A
R
C 
EN
G
IN
E 
SP
EC
IF
IC
 IM
PU
LS
E 
efficiency is equally difficult, since the factors which contribute to 
this efficiency (velocity profile loss, angular spread. failure to 
convert rand•Jrn to directed motion, etc.) are closely tied to the accel-
eration mechanisms. whi.ch are themselves not understood -~n detail. 
However, two simplifying assumptions may be mad·~ which permit 
comparison of the hyd:rogen and ammonia efficiency data. These 
assumptions are crude, but satisfactory for the present stage of under-
stand·ing of MPD arcjet behavior. The first assumption is 
.. for 1000 sec < lsp < 5000 sec 
that is. the fraction of input power which is lost in velocity profiles, 
etc., is the same for hydrogen and ammonia at any given specific 
impulse in the range 1000 to 5000 seconds. This range of specific 
impulse is the range where overlapping data in hydrogen and ammonia 
are available. 
The second -~ssumption involves the frozen flow efficiency. Here it is 
assumed ··:hat the percentage of dissociation and ionization for hydrogen 
and ammonia are the same at a given specific impulse; e. g., if hydro--
gen is 10 percent ionized .3.t 2000 seconds, then ammonia is also 10 
percent ionized at this specific impulse. Then, approximately, the 
ratio f£, Hz IE£, N H3 at a given Isp is the same as the ratio which would 
hold for full ionization even though it is not at all necessary that Ef H 
' 2 
or f£ N H represnet full ionization. 
' 3 
With these assumptions, the overall efficiency ratio for ammonia and 
hyd:rogen can be written 
X 
Table I evaluates this ratio and compares it with that experimentally 
obtained. Data ::m Ef are taken .from figuTe 27, which assumes full 
dissociation and 1st ionization of all atoms. 
Agreement between the overall efficiency ratios calculated in this 
fashion and those measured is fairly good, except at the lowest 
specific impulse value, 2000 seconds. At the lower values of Isp 
the calculation of f£ is expected to be particularly crude, so that this 
result is not surprising. 
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Isp 
{seconds) 
2000 
3000 
4000 
5000 
TABLE I 
OVERALL EFFICIENCY RATIO FOR AMMONIA AND HYDROGEN 
Ef, NH3 Eo, NH3 Eo, NH3 
fare, N H3 fare, H2 (calculated) (measured) ££, H2 Eo, H2 Eo, H2 
(percent) (percent) 
42 65 3.04 1.9 1.4 
42 65 2.42 1.5 1.4 
42 65 1. 97 1.3 1.3 
42 65 1.72 1. 1 1.2 
The results of table I indicate that, at least to first order, the overall 
efficiency data for hydrogen and ammonia can be compared on the basis 
that the expansion efficiency is essentially the same for the two pro-
pellants, and that the differences in overall efficiency can be attributed 
to the arc and frozen flow efficiencies. 
Nonetheless, the apparent close fit of the overall efficiency versus 
specific impulse data to a single curve which closely approximates 
a straight line presents a problem of much greater import. Besides 
the fact that the electric-to-thrust power efficiency apparently is 
basically fixed by the selection of a propellant and specific impulse 
level, and is relatively insensitive to the particular combination of 
mass flow rate, input power, arc current and magnetic field strength 
by which the specific impulse level is achieved, the most striking 
feature of the efficiency-impulse curve is its seemingly constant slope. 
An extrapolation of the curve to higher values of specific impulse would 
yield overall efficiency values greater than 100 percent; this is clearly 
a violation of the principle of energy conservation. A series of high 
input power, very low mass Elo'N rate tests was made in order to de-
termine whether the extrapolaieU. values were experimentally obtained. 
Efficiencies of more than 100 perce-rf were indeed measured, and an 
exhaustive study of the measuring S~'S ::em was undertaken in a.n attempt 
to explain the unrealistic results. It was determined that all me as-
urements were properly made, and that the data as recorded 
-74-
were correct. The method of calculating the overall efficiency and 
specific impulse in terms of the measured quantities was then con-
sidered. Both the overall efficiency and the specific impulse are 
calculated using expressions which contain the mass flow rate as a 
term in the denominator. (See, for example, equations {11), ( 12), 
and (13).) If the measured mass flow rate--the mass flow introduced 
through the engine inlet ports--were different from the true mass 
flow which the engine is accelerating, erroneous values would be ob-
tained for both the efficiency and the specific impulse. This phenom-
enon is denoted by entrainment. 
If the true mass flow rate {metered mass flow plus entrained mass 
flow) were always 0. 03 gm/sec while the mass flow rate introduced 
through the engine and measured at the inlet ports ranged from, say 
0. 03 to 0. 01 gm/sec, the overall efficiency and specific impulse 
expressions would yield values up to three times as large as those 
actually achieved. This would also imply that the efficiency- -impulse 
curve may truly be a straight line, but only up to some value of speci-
fie impulse {and overall efficiency) corresponding to a mass flow rate 
of 0. 03 gm/ sec, thereafter increasing perhaps to an asymptotic value 
of somewhat less than 100 percent at specific impulses obtainable with 
and MPD arcjet. 
The following section discusses some experiments performed to test 
for the existence of gas entrainment, and outlines the reasons for the 
conclusion that gas entrainment is a major factor in the observed 
operation of the MPD arcjet in "high" back pressure environmental 
tanks. The next section then considers the operation of the MPD 
arcjet with alkali metal propellants and the ensuing benefits including 
the advantage of reduced tank back pressure operation. 
D. POSSIBLE MASS ENTRAINMENT BY THE X-2 ENGINE WITH STRONG 
EXTERNAL MAGNETIC FIELD 
1. Qualitative Observations on Zero-Gas Flow Operation 
A series of experiments was carried out to examine the role of possible 
gas entrainment in the performance of the MPD arcjet engine. With 
reference to equation (24), the beam or thrust power of any propulsion 
device is given by 
p thrust 
5 2 . 
4.8 x 10- T /mtotal 
( 2-± i 
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where Pthrust {kw) is the thrust power, T(grams) is the measured thrusts, 
intotal {gm/sec) is the total accelerated propellant flow rate. If there is 
signl1icant gas entrainment during the gas acceleration process, the actual 
value of thrust power will be less than the estimated value of thrust power 
based only on the measured propellant flow rate. 
The overall propulsion efficiency is given by an expression of the form 
? 2 . 
4.8 X 1 o-- T I mtotal IV 
(2 5) 
or 
-2 T21 . ( 1 • I . ) IV 4.8 X 10. mmeas + mentrain mmeas (26) 
where, ill {gram/sec) is the measured input flow rate to the engine 
me as 
and mentrain is .the flow rate entrained from the ambient environment dur-
ing the acceleration process; I (amperes) is the arc current and V {volts) 
is the arc voltage. Thus, for a given power input, gas entrainment in the 
acceleration region will reduce the estimated value of the overall electric 
to thrust power conversion efficiency. 
The most striking qualitative evidence for the existence of gas entrainment 
is the observation of Ducatil9, Hess and Brockman20, and this laboratory, 
that the MPD arcjet will run without any gas flow passing through the engine. 
If there were no gas entrainment then this situation would, of course, cor-
respond to an infinite thrust power, and since the input power remained 
finite for this condition, an infinite value of the overall energy conversion 
efficiency. Thus, the engine must either be running on electrode material, 
or on entrained tank gases. Measurements of the weight loss of electrode 
material have clearly indicated that in the no-gas flow tests run at this 
laboratory the engine was running on the ambient gas ( l 00 microns) in the 
test tank and not on electrode material. 
On the basis of this simple observation, it is clear that the propulsion 
performance re suits reported to date4, 15 • 21 • 22 on MPD arcjet-like 
devices are open to some question and will remain open to question until 
quantitative answers are obtained to the problem of gas entrainment. 
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2. Quantitative Observations on Zero-Gas Flow Operation 
A detailed series of experiments has been carried out to examine the 
possibility of gas entrainment. 
First, a two-way gas valve was placed in the incoming propellant line so 
that a given mass flow rate of propellant could be passed either through 
the thruster as in normal operation, or through the tank wall thus by-
passing the thruster. In either case, the ambient pressure was unchanged 
since the total mass flow throughput seen by the vacuum pump was a 
constant. Qualitatively, it was observed that the thruster operation, e. g., 
visual appearance of the jet, was relatively insensitive to whether the 
gas was admitted through the thruster or the vacuum tank wall. As in-
dicated below, at a given current both the thruster voltage and measured 
thrust changed only a few percent as the flow was diverted from the 
engine through the tank wall. This observation is taken as clear evidence 
that the thruster can act as a pump acting on the ambient gases. 
Table II presents measured values of the engine voltage (V) and engine 
thrust (T) for gas passing through the engine (Vi'n: and Tin) and for gas 
passing through the tank wall (Vout and Tout) as a function of arc current 
and hydrogen flow rate. The magnet coil current was held constant. The 
ambient pressure (Pambient) is a function of only the mass flow entering 
the vacuum pump, and increases with increase inmass flow rate rising 
from 100 microns at 10 mg/sec to 300 microns at 50 mg/sec. The tank 
pressure is, of course, independent of whether the gas flow passes 
through the engine or through the tank wall. 
With reference to table II, there appears to be little significant variation 
in either voltage or thrust as the gas flow is switched from the engine to 
the tank wall. At a current of 500 amps, the measured thrust (Tin) for 
gas flow through the engine increases from 42 grams to 55 grams as the 
hydrogen flow rate increases from 10 to 50xl o-3 gm/ sec; under the same 
current conditions and over the same mass flow range, the measured 
thrust (Tout) for vacuum tank injection remains constant at about 42 grams. 
The difference in behavior might be accounted for simply on the basis of the 
aerodynamic thrust mechanism. However, as indicated previously, over-
all there is little significant difference in either engine thrust or voltage 
behavior as the gas flow is switched-off from the engine and introduced 
through the tank wall. 
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TABLE II 
COMPARISON OF MPD ARC JET VOLTAGE AND 
THRUST FOR PROPELLANT INJECTION THROUGH THE ENGINE 
AND PROPELLANT INJECTION OUTSIDE THE ENGINE 
Hydrogen Arc Tank Arc':' Arc~:c~:c 
Flow Rate Current Pressure Voltage Thrust 
m I Ptank Vin Vout Tin Tout 
(mg/ sec) (a:rn:peres) (microns) (volts) 
10 500 100 62 
30 200 72 
50 300 78.5 
10 800 100 60 
30 200 70 
30 1100 200 69.5 
>:< Vin - Voltage with flow through engine 
V out -Voltage with flow through tank wall 
>:<>:< Tin - Thrust with flow through engine 
Tout - Thrust with flow through tank wall 
(volts) (grams) (grams) 
58 42 42 
55.5 45 36 
61. 5 55 42 
66 70 78 
63 75 73 
74 106 96 
Figure 45 presents a curve of measured overall energy conversion 
efficiency as a function of hydrogen flow. The overall efficiency is based 
on the measured flow rates, engine thrust levels, and input current and 
voltages shown in table II. Based on the measured flow rate the overall 
efficiency exceeds 100 percent at a mass flow equal to about 3xl o-3 gm/ sec. 
Thus, at a current of 500 amps and a nominal value of back pressure equal 
to 100 microns, at least 3xlQ-3 gm/ sec must be entrained into the MPD 
arcjet acceleration region for the condition of no gas flow through the 
engine. If this were not the case, there would no longer be conservation 
of energy. 
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3. Observations on Engine Operation in a Closed Tank 
In the next experiment the input mass flow was reduced to zero and the 
vacuum pump was cut out of the system by means of a shut-off valve. No 
gas entered or left the system except through minor leaks in the vacuum 
tank and associated piping. The engine continued to operate stably at 
ambient pressures as low as 20 microns, and for periods of time of the 
order of 1 hour. Similar observations on stable MPD arcjet operation in 
a closed test chamber, with no gas flow passing through the engine, have 
been reported by Hess and Brockman20 at NASA, Langley. In these 
experiments stable engine operation was obtained in an argon atmosphere 
at pressures as low as 0, 10 micron back pressure. 
4. Observations on Engine Operation in Different Gaseous 
Atmospheres 
The engine was operated with nitrogen flow passing through it while 
hydrogen was admitted through the vacuum tank wall; the vacuum pump 
was operative so that the ambient pressure was held constant. The 
exhaust jet showed characteristic nitrogen radiation until hydrogen was 
introduced into the tank; the visible jet then gradually began to show 
hydrogen radiation starting at its downstream end; as the hydrogen con-
centration in the tank increased, the characteristic hydrogen radiation 
moved upstream to within about one inch of the nozzle exit plane. The 
test was performed again, in this case with hydrogen flow through the 
engine and nitrogen through the side of the tank; the results were equiv-
alent; that is, the jet was initially pure hydrogen,_ However, as the 
nitrogen concentration in the tank increased the nitrogen concentration in 
the jet appeared to increase. 
5, Observations on the Behavior of a Thrust Plate in the 
MPD Arcjet Exhaust 
Finally, a small, thin tungsten wafer was lowered on a fine tungsten 
wire into the exhaust jet immediately downstream of the nozzle exhaust 
plane. With no mass flow through the engine, a definite eddy pattern was 
observed, i.e., from the observed deflection of the tungsten wafer, in the 
flow. At large radial distances from the engine axis the wafer hung 
motionless; as it was lowered towards the axis, from its initial position 
above the axis, it reached a region where it was violently pushed up-
stream towards the nozzle exit plane. As it was loweredfurther, it was 
violently pushed downstream away from the nozzle exit plane. Thus, 
for the zero mass flow condition there was clear evidence of a strong 
eddy ingesting gas into the engine and sending it out along the axis. 
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As the mass flow through the engine was increased, the eddy began to 
weaken until at mass flows greater than 5xl o-3 gm/ sec evidence for the 
eddy disappeared. It is important to note, however, that even at mass 
flow rates greater than 5xlo-3 gm/sec there is evidence of gas entrain-
ment in the main jet downstream of the engine. 
These experiments indicate clearly that at the lowest mass flow rates, 
in the test facility now being used, the engine drew gas from the ambient 
environment and recirculated it. At mass flow rates greater than 
5xl o- 3 gm/ sec there is as yet no evidence that this occurs, but the gas 
mixture experiments do suggest that the ambient tank gas enters the 
exhaust jet in appreciable quantity as close as one inch downstream of 
the exit plane. If there is acceleration downstream of this point, the 
ambient gas can participate. The measured mass flow rates and overall 
values of energy conversion efficiency reported so far for the MPD arcjet 
are thus of questionable status until the question of entrainment is 
resolved. 
6. Ambient Tank Pressures Required to Eliminate Gas Entrainment 
An estimate can be made of the possible mass entrainment by considering 
the flux of particles from the surrounding environment which strike the 
surface of the jet. If the jet surface area is A ( cm2) the ambient 
pressure P (mm of Hg), and the sound velocity is c (em/ sec), then the 
mass striking the jet surface in unit time by random diffusion is 
~e ~ nmcA/4. 
Since, for fixed pres sure, c"''/T and m-T-1, m 
e 
varies as T- 1/ 2 . 
Assuming that the gas near the jet has a temperature T-300°K, then 
for hydrogen c = l. 2 x 1 o5 em/ sec, and nm, where n is the particle 
density and m the particle mass, is given by 9. 25 x 1 o-5 gm/ cm3 
at atmospheric pressure. Thus, with P millimeters of mercury, 
me "' 3.7 x 10-3 P A gm/sec 
It is not clear what value to use for A but it probably lies between l 00 
and 1000 cm2, based on the jet appearance. Hence 
3. 7 X 10-1 p < me < 3. 7 p . 
Values of the potential entrained mass flow are presented in table III. 
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( 28) 
(29) 
1000 
TABLE III 
M!\XIMUM POSSIBLE V!\LUES OF ENTR,'\INED M!\SS 
FLOW VERSUS AMBIENT PRESSURE 
Ambient Max. Entrained Max. Entrained 
Pressure Mass Flow Mass Flow 
p { Ap = 100 cm2) {Ae = 1000 cm2) 
microns milligrams/ sec milligrams/ sec 
{1 mm of Hg) 370 3700 
--
100 {lo-1 mm of Hg) 37 370 
10 {lo- 2 mm of Hg) 3.7 37 
1 {lo- 3 mm of Hg) 0.37 3.7 
0 .1 { -4 10 mm of Hg) 0.037 Oo37 
_, ___ 
To eliminate potential gas entrainment effects in the power range 
from 1 to 50 kw, the ambient pressure must have a value such that the 
maximum potential entrained mass flow, i" e., m , cnmA is less than 
1 mg/ sec. The ambient pressure must, therefo~e, be less than 1 o-4mm 
Hg (0. 10 microns). 
Several speculative comments may be made at this point: 
a. Reduction of the mass flow does not help to reduce the entrain-
ment fraction unless the jet area is reduced. 
b" At pressures greater than 10 microns the potential magnitude of 
the entrained gas flow is comparable to the engine mass flow for 
engines operated in the range from 1 to 50 kw. 
c. In the situation of no-gas flow through the engine, it can be 
speculated that the thrust level will remain approximately constant 
and the entrained gas flow will decrease as the ambient pressure is 
reduced. Thus, since, with decrease in pressure level, the quantity 
of accelerated gas flow decreases, the thrust power, L e., T2f m 
will increase, and there will be a corresponding increase in arc 
voltage. 
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d. The crucial question pertains, of course, to the extent to which 
gas entrainment invalidates the existing overall efficiency versus 
specific impulse data on the MPD arcjet. It is likely that at the higher 
values of specific impulse (i.e., 10, 000 seconds for H2) and corres-
pondingly the lower values of mass flow, considerably more flow was 
being accelerated by the engine than pas sed through the engine flow-
meter. The existence of extra entrained mass flow would probably 
tend to leave the thrust level unchanged, but would reduce the oper-
ating voltage below the no-gas entrainment value. Thus, the presence 
of gas entrainment can lead to higher estimated values of the energy 
conversion efficiency than would be obtained if the engine were operating 
in the hard vacuum of space. The extent of this performance deteriora-
tion can only be determined empirically. 
E. ALKALI METAL OPERATION--WATER-COOLED 
The most pro·mising technique for reducing the pressure in the test chamber 
and thereby reduc.ing the potential amount of entrained propellant is the use of 
easily condensable propellants such as the alkali metals, e. g., cesium and 
lithium, in conjunction with a cryogenic pumping system. The alkali metals, 
moreover, are attractive in their own right as MPD arcjet propellants because 
of their relatively high frozen flow efficiencies. 
1. Engine Configuration 
The basic plasma accelerator designed for water-cooled alkali metal operation 
is shown in figure 46. As in the X-2C engine, the unit is cylindrically 
symmetric. It consists of a central tungsten cathode surrounded by a co-
axial, water-cooled, copper anode. A magnetic field coil is mounted 
coaxially with the thruster and produces an external magnetic field with 
axial, Bz, and radial, Br, magnetic field components. 
For operation with the alkali metals, the cathode is fabricated from 1/4-
inch diameter tungsten rod, drilled out to a 1 /8 -inch diameter alma st to 
its tip, and insulated from the anode by a boron nitride tube. Near the 
tip, three symmetrically placed, 0. 075-inch diameter holes are drilled, 
each making a 25-degree angle with the cathode axis, and meeting at its 
center (see figure 46). The cathode is then an integral part of the pro-
pellant feed system. 
The anode is water-cooled copper. Propellants other than the alkali 
metals are injected tangentially through four ports in the anode, which 
are aligned normal to the engine axis (see figure 46) and which are 
presently used for starting. A boron..nitride tube ·is press-fitted into the 
anode, and insulates it electrically from the cathode, preventing attach-
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ment of the discharge to the inside surface. A water flow rate of the 
order of 6 GPM is maintained through the anode to cool the copper. 
The external magnetic field coil consists of 40 turns of 5/16 o. d. 
copper tubing, and is water cooled. It has an inner diameter of 3-l/8 
inches, an outer diame~er of 8 inches, and is 2 inches long. Figure 47 
shows a mapping of the magnetic field distribution for a cwil current of 
400 an.ps. Each arrow represents a measured value of the magnetic field 
strength at that excitation current. The arrow length is proportional to 
the magnetic field strength, and its direction is that of the field at the 
point. The dashed lines of figure 47 have been sketched in using the meas-
ured values as guides. The field strength exhibits the e:Xpected linearity 
with excitation current, as shown in figure 48. The peak axial field 
strength at the cathode tip is of the order of 3 kgauss. 
As in previous MPD arcjet tests, the thrustor and its auxiliary magnetic 
field coil are mounted on a liquid-cooled thrust stand. Measurements 
are made of the engine thrust, arc current, power rep1-oved by the anode 
cooling water, vaporizer pot temperature, and ambient tank pressure. 
EXCITATION CURRENT~ 400 AMP 
----+- : I KILOGAUSS 
I I I ;I I 
I I / I / 
/ / / / // _, ' 
/ / / / / /_..,.. / 
-
- I ....... _,- ___..... 
:-- .......... --:.: _____... -- __... --- _....... 
/ -----------~-/~-~~ =----~ ~ _ _,...-----
·--------=":.;:.....-- ~-------...-- _...,._-- --
65- 10588 
Figure 47 MAP OF MAGNETIC FIELD USED WITH CESIUM MPD ARCJET 
-85-
3500 
I 
v 
3000 
2500 
"' "' ::1
0 
.,. 
:£ 
1-
I 
v 
<!> 
z 
w 2000 a: 
_r(_ 
1-
Ul 
0 
_J 
w 
l1: 
~ 
1-
w 
z 
<!> 
<l 1500 ::;: 
_J 
<l 
x 
<l 
1000 
500 v 
v 
200 400 600 800 1000 1200 
EXCITATION CURRENT 1 amperes 
Figure 48 FIELD STRENGTH VERSUS CURRENT FOR MPD ARCJET MAGNET 
-86-
2. Feed Systern 
The feed syste1n which has been used consists of a hot liquid metal re ser-
voir (vaporizer), a metering orifice, and a heated tube for connection to 
the engine cathode. 
The liquid metal reservoir consists of a stainless steel closed pot which 
has a 1-1/4 inch inside diameter and is 2-7/8 inches deep (figure 49). It 
is surrounded by a series of boron nitride mandrels which are wrapped 
with 30 -mil diameter thoriated tungsten heater wire. Its base contains 
a region into which cool air or water may be run in order to rapidly cool 
the liquid metal to drop the vapor pressure. This serves to effectively 
reduce the mass flow rate to zero at the end of a test in a time which is 
very short compared with the running time, and thus allows calibration of 
the mass flow rate during engine operation. 
The liquid metal in the vaporizer is maintained at an elevated temperature; 
for cesium, the temperature is in the range from 400 to 500 °C, while for 
lithium it is in the range from 900 to 1200 °C. The liquid metal tempera-
ture determines the vapor pressure in the vaporizer. The vaporizer cap 
includes a metering orifice of about 0. 030-inch diameter and is welded to 
a 1/4-inch o. d. stainless steel tube which connects to the cathode. The 
stainless steel connecting tube is also surrounded by a series of boron 
nitride mandrels which are wrapped with 30 -mil thoriated tungsten heater 
wire. The tube and the metering orifice are maintained at a temperature 
somewhat above that of the liquid metal by the use of separate heater 
supplies for the vaporizer and feed tube. This allows a given temperature 
(and thus pressure) to be maintained in the vaporizer, while the propellant 
is prevented from condensing in the feed tube by the still higher tempera-
tures maintained there. 
The propellant is loaded into the stainless steel reservoir in a glove box in 
which an argon atmosphere is maintained. The metering orifice is initially 
sealed with a drop of solder which melts at a temperature about 25oC below 
the desired operating temperature so that the propellant is not introduced 
until essentially the operating temperature (and thus the desired mass flow 
rate) is achieved. The vaporizer pot temperature and the feed tube tem-
perature are measured with Chromel-Alumel thermocouples; an additional 
Iron-Constantan thermocouple imbedded in a stainless steel sheath is 
immersed in the liquid metal as an auxiliary measuring device. 
The vapor pressure -temperature relation for cesium is shown in figure 50. 
The estimated mass flow rate is shown in figure 51 as a function of orifice 
diameter for an assumed discharge coefficient of 0. 5. Measured values of 
the mass flow rate yield an experimental value for the discharge coefficient 
in the vicinity of 0. 4. 
-87-
I 00
 
00
 
I 
65
-1
05
90
 
CA
TH
O
DE
 
H
EA
TE
R
 
CA
TH
OD
E 
HO
LD
ER
 
M
ET
AL
 V
AP
O
RI
ZE
R 
PO
T 
CO
O
LI
NG
 
PA
SS
AG
E 
Fi
gu
re
 4
9 
CE
SI
UM
 V
A
PO
R 
FE
ED
 S
YS
TE
M
 
CA
TH
O
DE
 
/ 
"' J: 
E 
E 
w 
a: 
:::> (fl 
(fl 
w 
a: Q. 
a: 
0 Q. 
:; 
1000 
100 
10 
65- 10591 
200 300 400 500 600 700 800 
TEMPERATURE, •c 
Figure 50 CESIUM VAPOR PRESSURE AS A FUNCTION OF TEMPERATURE 
-89-
0 
., 
~ 
E 
"' 
-w 
1-
<t 
a:: 
:;;: g 
1J._ 
(f) 
(f) 
<t 
::;: 
8 
6 
4 
10-4L-----~~--~~c--L-7-~-L~-------~--~~--L-L-~-L~------~--~~~L-~~~I I 
I 10 100 
ORIFICE DIAMETER, thousandths inch 
65-10592 
Figure 51 ESTIMATED CESIUM MASS FLOW FLOW RATE AS A FUNCTION OF TEMPERATURE 
AND ORIFICE DIAMETER 
-90-
1000 
The initial weight of propellant in the vaporizer pot is determined by 
weighing on a balance scale. The time at which cesium vapor begins to 
flow (solder plug melts) is recorded. By weighing the system again, the 
total cesium mass expended during the run is determined. The ratio of 
total mass expended to total time elapsed is taken as the average mass 
flow rate, at the average operating temperature. This average mass flow 
rate is then corrected for any temperature variations during the run by 
use of figure 51. As mentioned above, this method yields a value for the 
discharge coefficient of the order of 0. 4. 
3. Engine Operation 
Operation of the engine with cesium is as follows. When the feed system 
has been brought up to a temperature of about 375oC, and the heater insula-
tors have been allowed to outgas for some time, the line leading directly 
to the mechanical pump is opened and it pumps in parallel with the diffusion 
pump. The discharge is struck using hydrogen as propellant injected 
through the normal tangential ports, and the ambient pressure rises to 
about 200 to 300 microns. The arc current in the cathode combined with 
the feed system heaters raise the vaporizer pot temperature to about 
385°C, at which point the solder plug melts and is blown out by the high 
internal argon pressure. (The argon pressure in the vaporizer is raised 
from the initial one atmosphere loading pressure to about 35 psi at the 
solder melting temperature.) Cesium begins to flow and the hydrogen 
flow is shut off. The direct line to the mechanical pump is closed and 
only the diffusion pump is effective. The ambient tank pressure rapidly 
(seconds) falls•:• to about 0. 1 micron as the hydrogen is exhausted, and 
the liquid nitrogen baffle plate condenses the exhaust cesium vapor. 
At the end of a run, the vaporizer pot heaters are turned off and cool air 
followed by water is used to lower the vaporizer temperature very rapidly 
to room temperature. This effectively reduces the cesium mass flow rate 
to zero. 
4. Voltage Measurements 
A series of measurements was made to determine whether the environ-
mental test tank and/ or the baffle plate were interacting with the engine. 
Specifically, tests were made to determine whether the tank was carrying 
a significant fraction of the total arc current -- a situation which would 
lead to erroneous engine performance measurements. 
The voltages were measured using a Tektronix type D plug-in unit in con-
junction with a Tektronix oscilloscope. During cesium operation, the 
*As measured by an ionization gauge. The effect of cesium on the accuracy of this gauge is uncertain. 
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cathode -to -tank voltage was of the order of 10 to 20 volts; the remam1ng 
50 to 80 volts between anode and cathode was present between the anode 
and tank. Various resistors were then connected between the cathode and 
tank to determine the "resistance" of this path and thus the current flow 
through the electrical path consisting of anode-plasma-tank-plasma-cathode. 
This "resistance" was measured to be of the order of 500 ohms. This 
corresponds to a current flow of about 25 milliamps (for a 12. 5 -volt drop 
between cathode and tank). The total arc current was about 100 amps. 
The tank circuit thus carried less than l/10 of l percent of the total arc 
current. 
During the 'performance of the above tests, several observations were 
made which are, as yet, not fully understood. When the engine was running 
on hydrogen as propellant, the tank potential was about halfway between 
the anode and cathode. As the engine warmed up, the tank potential came 
closer to that of the cathode, the cathode -tank potential difference falling 
from about 50 volts to about 25 volts. As the cesium began to flow, the 
cathode -tank potential difference dropped even further to about 15 volts. 
Another, and possibly more interesting observation was also made on the 
difference between hydrogen and cesium operation. When the engine was 
operated with hydrogen, the oscilloscope trace of both cathode -tank and 
anode -tank voltage differences was essentially flat, that is, any ripple 
present was several orders of magnitude smaller than the voltage differ-
ences themselves. On the other hand, two distinctly different voltage 
patterns were seen with cesium. In neither case was the ripple small. 
In one case, which corresponded to a large cathode -anode voltage differ-
ence ('""' 100 volts), the anode-tank voltage difference showed no ripple 
whereas the cathode -tank voltage was on the order of 10 to 20 volts with 
a ripple of about± 100 percent at a "frequency'' of about a megacycle per 
second. In the other case, corresponding to an anode -cathode voltage 
difference of about 60 volts, the cathode -tank voltage difference was con-
stant; the anode-tank voltage difference was, however, about 50 to 60 ± 10 
percent volts, also at a frequency of the order of a megacycle. 
5. Propulsion Performance 
The liquid-cooled MPD arcjet engine described above has been operated 
with cesium as the propellant. A typical test lasts between 30 minutes 
and 60 minutes. Electrode erosion is insignificant. A table listing 
measured performance results is given in appendix D. With reference 
to this table and to the discus sian which follows, it should be pointed out 
that the input power to the device is calculated as the product of arc 
current and arc voltage; power supplied to the magnet and power used to 
vaporize the cesium in the boiler pot are not included. The major reasons 
for this are that (i) it is not yet clear what sort of magnetic field is optimal, 
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and it is possible that the optimal magnetic field may be such that it can be 
supplied by a permanent magnet; (ii) no attempt has been made to optimize 
the boiler pot configuration; and (iii) at this stage of engine development 
it may obscure important trends in arc efficiency to lump all input power 
together. 
The engine operation with cesium vapor has been fairly straightforward. 
With the exception that the metering of mass flow rate must be handled 
differently, the operation in cesium has been essentially like that with 
ordinary gases. Figure 52 is a photograph taken from outside the test 
tank during operation with cesium. The magnet coil is seen at the left 
side of the picture, as well as the engine exit plane. There is a central 
core of intense illumination issuing from the center of the exit plane and 
extending downstream approximately two feet. A coaxial zone of less 
intense illumination surrounds the central core. The outer boundary of 
this less intense zone is shaped essentially like a magnetic field line. 
These major features of the exhaust appearance are always present, 
although the absolute intensity of each zone, the length of the central 
core, etc., are functions of the operating conditions. For the photograph, 
the arc current was 135 amp, the voltage 70 volts, the magnetic field 
strength 2.15 kgauss, the cesium mass flow rate 6 mg/sec, and the 
ambient pressure 0. l micron. 
The voltage of the cesium MPD arcjet appears to be magnetic field dependent, 
as was the case with the ordinary gases tested earlier. Figure 53 shows the 
measured arc voltage for currents ranging from 70 to 140 amp and for 
cesium flow rates ranging from 3. 5 to 6 mg/ sec, as a function of magnetic 
field strength from 660 to 3300 gauss. There is a considerable scatter of 
the data points, with the voltage varying from about 60 volts to 120 volts at 
one magnetic field strength, 2200 gauss. Still, there is a trend to the data 
of increasing voltage with increasing magnetic field. A straight line has 
been drawn on figure 53, but the data scatter is such as to make a quantita-
tive estimate of the slope rather uncertain. It does appear that if the voltage 
behavior of this engine with cesium is to be explained on the basis of the 
critical-velocity hypothesis of Patrick and Schneiderman, 23 the character-
istic length which must be associated with the field-plasma interaction is 
extremely large -- on the order of one meter. If instead the characteristic 
length is of the order of one centimeter, as was the case for the ordinary 
gases used earlier, then the velocity arising from the slope of figure 53 is 
about two orders of magnitude higher than the critical velocity. Alternatively, 
the critical velocity can be redefined to include energy for multiple ioniza-
tion; this would tend to bring the measured voltage -magnetic field slope 
closer into line with the critical velocity, but attempts to do this are post-
poned until better evidence is available to determine the slope and the 
degree of ionization. 
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The power lost to cooling water during operation with cesium is plotted as 
a function of current in figure 54. Previous results with the ordinary gases 
had indicated that the power lost to cooling water in MPD engine operation 
correlated well with current; it appeared that the losses could be accounted 
for by a constant voltage drop of approximately 25 volts associated with the 
electrode fall regions. This is not the case for the data of figure 54. The 
power lost to cooling (in this case, exclusively the anode since the cathode 
is not cooled) is a relatively weak function of current, rising from about 
5. 5 kw at currents of the order of 75 amps to about 7 kw at currents of the 
order of 17 5 amps':'. Since the input power levels for these data were 
always in the near neighborhood of 10 kw, the arc efficiency, defined as the 
ratio (power' to the gas)/(power input to the arc) is rather low, being typi-
cally about 30 to 40 percent. 
Figure 55 is a plot of overall engine efficiency as a function of specific 
impulse for the data obtained with cesium. All the data points are plotted 
to the same scale, so that there are represented a magnetic field range of 
0. 5 to 3. 3 k gauss, a current range of 70 to 180 amp, a voltage range of 
3 5 to 120 volts, and an input power range of 5 to 10 kw. The ambient pres-
sure in the vacuum tank was in all cases between 0. 05 and 0. 2 micron, and 
the arc efficiency varies between approximately 22 and 38 percent. 
According to figure 55, the efficiency is a linear function of the specific 
impulse, passing through the origin of coordinates and rising approximately 
4. 5 percent for each 1000 seconds of specific impulse. Sufficient data have 
been accumulated in the range of specific impulse from 1000 to 3000 seconds 
to make this correlation fairly firm. 
An interesting correlation is observed in figure 56. Here the ratio of over-
all efficiency to arc efficiency is plotted as a function of magnetic field 
strength. An acceleration efficiency can be defined by: 
Thrust Power 
Power to Gas 
such that the overall efficiency is given by 
• The cooling power can also be correlated with IB, the product of arc current 1 nd magne.tic field strength. It is not yet 
c_lear what stgnificance this has. 
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Hence, 
and the ratio of overall efficiency to arc efficiency is the acceleration ef-
ficiency. According to figure 56, this acceleration efficiency shows a vari-
ation with magnetic strength, achieving a maximum at a field strength of 
approximately 2 kgauss for the engine and magnet configuration employed 
here. Under the best conditions the acceleration efficiency is 40 percent 
while at the worst it is less than 20 percent. Some caution should be ob-
served at this time with regard to this optimum; the data points at magnetic 
field strengths greater than 2. 2 kgauss were all taken with one value of 
cesium flow rate and arc current, and there may be some characteristic 
of operation with this flow rate and current which produces a falloff in ac-
celeration efficiency with magnetic field strength. More data are necessary 
to resolve this uncertainty. 
F. ALKALI METAL OPERATION--RADIATION-COOLED 
1. Engine Configuration 
The successful operation of water-cooled MPD arcjet engines with alkali 
metal propellants has led directly to testing of radiation-cooled engines of 
similar geometric configuration. With increased anode operating tem-
peratures and the possible increase in thermal efficiencies, the overall or 
propulsion efficiencies at given specific impulse should increase as well. 
The initial radiation-cooled engine to be operated at this laboratory using 
cesium as propellant, with essentially the same cathode injection and feed 
system as were used with the water- cooled engines, is shown in figure 
57. The anode is fabricated from a thoriated tungsten cylinder. The 
starting gas (hydrogen) is injected through the cathode and is preheated by 
a four-inch heater. The heater consists of several mandrels of boron 
nitride surrounding the 1 I 4 inch o. d. hydrogen feed line and wrapped with 
about 12 feet of 30-mil thoriated tungsten heater wire. The hydrogen is pre-
heated so that the jointure with the cesium feed line (see figure 57) is not 
cooled to a temperature below that of the vaporizer pot. This prevents the 
condensation of the cesium vapor in the feed line which would cause sporadic 
operation of the engine and "spitting• of droplets of liquid cesium. 
For radiation- cooled operation, the magnetic field coil is shielded from 
the exhaust jet by a water-cooled copper jacket. There is no physical con-
tact between the anode surface and the coil jacket, so that the anode is not 
cooled by thermal conduction to the jacket. The magnetic field coil has an 
inner diameter of 4-1/4 inches, an outer diameter of 9 inches, is 2 inches 
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long, and made up of 41 turns of 5/16 inch o. d. copper tubing. The power 
removed from the field coil jacket coolant is measured with a chromel-alumel 
differential thermopile. 
Because the mass flow in the initial feed system depended upon the pressure 
of the vapor in the vaporizer pot, it was necessary that the vaporizer tem-
perature be controlled within rather narrow limits in order to obtain a con-
stant, accurately determined, mass flow. The initial system was replaced 
by the system shown in figure 57a. The vaporizer pot is used merely to 
maintain the propellant in a liquid state. The argon pressure above the 
liquid may be varied at will, and the mass flow is directly proportional to 
this pressure. A large argon reservoir is connected in parallel with the 
vaporizer pot to maintain a constant pressure once the pressure value has 
been selected. The fine tungsten wire (- 5 to 10 mils) is inserted in the 
feed tube ( ""' 25 mils i. d.) to prevent the propellant from entering the 
cathode cavity in a series of drops. The propellant is allowed to 11 run 
down" the wire, in liquid form touch the hot cathode, and vaporize. It 
then enters the engine anode region as a vapor. 
2. Propulsion Performance 
Both cesium and lithium have been used as propellants in the radiation-
cooled MPD arcjet, and some data have been obtained for each propellant. 
The engine operation with lithium has been far smoother than with cesium; 
with the latter propellant, perhaps because of inadequate mass flows to 
produce sufficient particle densities in the acceleration region, engine 
operation was characterized by sporadic erosionof the cathode and the 
cathode insulator. As a result, it was not possible to produce a set of 
systematic propulsion data of accuracy comparable to the data obtained 
with the liquid-cooled engine. However, it has been possible to compare 
certain operating points obtained with the radiation-cooled engine; although 
the comparison is subject to the scatter and inaccuracies of the data ob-
tained in the radiation-cooled engine, it appears that the two sets of data 
are consistent. At power levels up to 5 kw kilowatts (approximately 40 
volts at 120 amperes) peak lsp values of almost 3000 seconds were reached 
with overall efficiencies of 15 percent. It is stressed that these data are 
badly scattered, and they are not tabulated here because of the uncer-
tainties attached to them. The situation is much improved with lithium 
operation. 
Performance data obtained with the radiation-cooled alkali metal MPD arc-
jet using lithium as propellant are listed in the table of appendix F. Figure 
58 shows a plotting, of overall efficiency versus specific irr1pulse for this 
lithium fueled engine. Although the scatter in the measured values is 
appreciable, the. data may be fit by the straight line drawn on the figure. 
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In this respect, and with respect to the efficiencies achieved in the 4000-
to 6000 -second specific impulse range, the lithium performance data are 
not greatly different from those previously obtained with, say, hydrogen, 
notwithstanding the extremely different ambient tank pressure conditions 
under which the data were taken. The hydrogen data were obtained with 
ambient backpressures of the order of 100 microns; those for the lithium 
propellant were taken with tank pressures of the order of a fraction of a 
micron. In comparison with the large number of hydrogen data points, 
however, the amount of lithium data is relatively scant and the direct com-
parison is not totally valid at this time. More lithium data are required 
for a firm comparison, and these are being compiled. 
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III. MAGNET SUBSYSTEM 
A. ELECTROMAGNET DESIGN 
Studies have been initiated to determine the weight penalty associated with the 
magnet subsystem required for MPD arcjet operation. Because the magnitude 
and shape of the magnetic field required for optimum MPD arcjet operation are 
not yet clearly defined, the following remarks must be considered preliminary. 
For the purpose of discus sian, it has been assumed that the required magnetic 
field distribution can be obtained with a solenoid; further, for reference pur-
poses, the field strength at the core center has been taken as the basic design 
parameter. Briefly, as will be described below, a semiquantitative comparison 
has been made of the weight of a radiation-cooled magnet system and the weight 
of a liquid-cooled magnet system; the weight comparison is based on the ground 
rule that both systems produce the same field strength at the center of the sol-
enoid. 
1. Fabry Formula 
The axial field strength at the center of a solenoid is given by the Fabry 
relation, which has the form:24 
( 30) 
where, Bz (kgauss) is the magnetic field strength, G is a geometric factor 
which depends on the coil geometry (i.e., ratio of outside to inside radii 
r. /r = a, and length-to-diameter ratio, l/2r. = {3), P (megawatts) is the 
1 0 1 
power input, .\ is the fraction of the coil occupied by the conductor, p (ohm-
em) is the resistivity of the coil, and ri (em) is the inside radius of the 
coil. 
The geometric factor, G , is a relatively weak function of the radii ratio, 
a, and the coil length to diameter ratio, {3 • The maximum value of G is 
about 0. 20 which corresponds to values of both {3 and a in the range 2 to 3. 
For the purpose of the following semiquantitative discussion, G will be 
assumed a constant equal to the maximum value of 0. 20 and both f3 and 
a will be assumed to be of the order of 2 to 3. By preselecting values 
of G, a, and {3, the problem of estimating magnet system weights in con-
siderably simplified; further, from the viewpoint of an order of magnitude 
analysis, these quantities only have a second-order effect on the calcu-
lated results. 
-106-
Substituting G = 0. 20 into equation ( 30) the Fabry relation can be written: 
(31) 
Dimensions are: the input power, P (kw), the resistivity, p (lo-6 ohm-em), 
the inner radius, ri (em), the axial field, Bz (kgauss), and the fraction of 
coil occupied by the conductor, A (dimensionless). Equation (31) with the 
dimensional units as indicated, is used below. 
From the Fabry relation (equation 31), the solenoid input power is pro-
portional to. the square of the axial magnetic field strength, and directly 
proportional to the solenoid material resistivity and inner radius. Figure 
59 presents normalized magnet input power as a function of axia~ roag_ne.tic. 
field strength at the center of the solenoid. The solenoid is at room tem-
perature. For a 1-cm inner solenoid radius and a magnetic field strength 
of 2. 5 kgauss the required input power is about 260 watts; if the inner radius 
were increased to 5 em, the required input power would be 1300 watts. 
Figure 60 shows the resistivity of copper as a function of temperature; as 
the temperature is increased from 50 to 500° C, the resistivity increases 
from about 2xlo-6 ohm-em to 5xlo-6 ohm-em. Thus, for fixed field 
strength and inner solenoid radius, the required input power increases with 
increase in solenoid temperature (equation 31). Figure 61 presents the 
normalized magnet power input, i.e., normalized with respect to an axial 
field strength of 1 kgauss and an inner radius of 1 em, as a function of 
temperature. The required input power increases from 50 to 150 watts as 
the coil temperature is increased from 50 to 500° C. 
2, Radiation-Cooled Magnet Subsystem 
The major purpose of this discussion is to estimate the potential weight 
penalty associated with the MPD arcjet magnet subsystem, In the present 
section, estimates of the weight of a radiation-cooled magnet subsystem 
are presented; the following section includes estimates of the weight of a 
liquid-cooled magnet subsystem. 
The weight of a magnet is given by 
wmag ( 32) 
where ri is the inner solenoid radius, w is the density of the magnet ma-
terial, a is the solenoid radius ratio, f3 is the length to diameter ratio, and 
A is the fraction of conducting material in the coil. For the radiation-
cooled magnet, A is assumed to be equal to 1. For the assumed values of 
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a and {3 the coil weight, to a first approximation, is given by 
.. 
( 33) 
For copper, w = 562 lb/ft3 and A= l, the weight of the magnet is given by 
wmag (34) 
The weight of the magnet is, of course, proportional to the third power of 
the inner coil radius. 
The radiation area of the coil is given by 
A ( 35) 
For the assumed values of a and {3, the radiating area becomes 
A (36) 
In the case of the radiation-cooled magnet all the input power must be 
radiated from the magnet exterior surface. The calculational procedure 
then is as follows: a) select an inner coil radius, ri ; this establishes the 
radiating surface of the magnet (equation (36) )and the weight of the magnet 
(equation(34) b) choose an operating temperature and estimate a surface 
emissivity, (e. g., in the present calculations £ = 0. 60); this determines 
the maximum power input from P = w AT4 ; c) from the estimated power 
input, the assumed temperature which fixes the resistivity, and the as-
sumed inner radius, the axial magnetic field on the solenoid axis can be 
estimated from the Fabry relation (equation 31); d) the weight of the re-
quired magnet power supply is estimated from an assumed power supply 
specific weight of 50 lb/kw. 
The weight of a radiation-cooled magnet system is shown as a function of 
axial magnetic field strength for inner solenoid radii of respectively l, 2. 5, 
and 5 em in figures 62, 63, and 64. The radiation-cooled magnet system 
weight includes the weight of the power supply and the weight of the magnet. 
The weight of the coil is, of course, independent of the field strength. The 
weight of the magnet system increases with magnetic field strength because 
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of the increased power requirement. At a fixed strength of 1 kgauss the 
weight of the magnet subsystem increases from 7. 5 to nearly 210 pounds as 
the inner radius is increased from 1 to 5 em. 
3. Liquid-Cooled Magnet Subsystem 
In the case of the liquid-cooled magnet the input power is removed by a 
closed-loop cooling system with external radiator. The weight of the 
liquid-cooled magnet subsystem assembly must therefore include the 
weight of the radiator as well as the weight of the magnet and power supply. 
The calculational procedure for determining the weight of the liquid-cooled 
magnet subsystem is as follows: a) select the required solenoid inner 
radius, ri; the required axial magnet field strength, Bz .; and the radiator 
operating temperature, Trad;. b) the _operating temperature establishes 
the coil resistivity; and the resistivity, p , combined with the required 
magnetic field, Bz , the solenoid radius, ri ·' and the packing factor A = 
0. 70 makes it possible to estimate the required magnet power from the 
Fabry relation (equation 31)., c) the weight of the magnet coil can be de-
termined from equation (34), again assuming a packing factor, A= 0. 70; 
d) the radiator weight is estimated using an assumed specific radiator 
weight of 7xlo-4 lb/cm2 (or 3. 2 kg/m2). 
Figures 65, 66, and 67 present plots of system weight versus magnetic 
field strength for inner solenoid radii of 1, 2. 5, and 5 em, respectively. 
The actual magnet coil becomes a larger fraction of the total system weight 
as the inner radius is increased; this,. of course, might be anticipated since 
Wmag- r/ and Wpower su ply - ri. For inner solenoid radii up to 5 ern, 
and axial rnagnehc fiel:f strengths up to 3 kgaus s, the weight of the external 
radiator is a relatively small fraction of the total system weight. It is 
important to recognize, however, that the presence of an external cooling 
system will introduce reliability problems, and further, in the above semi-
quantitative calculations, no weight allowance has been made for the cooling 
pump or coolant. 
To illustrate the probable size of the radiator, assuming an operating tem-
perature of 100° C and an emissivity of 0. 60, the emitted radiation is 6xlo- 2 
w/cm2; therefore, the required radiating area for 100 watts is 0. 17m2, for 
500 watts, 0. 85 rn2, and for 5000 watts, 8. 5 m 2• At power le'\els of the 
order of 1 -kw, the required radiator areas appear reasonable in terms of 
possible spacecraft designs. 
4. Weight Comparison of Liquid- ari.cf"Radiation-Cooled Magnet Subsystems 
Figures 68, 69, and 70 present comparisons of total magnet system weights 
as a function of axial magnet field strength for inner solenoid radii of 
1, 2. 5, and 5 em respectively. The basic conclusion from this comparis<?n 
is that (within the limits of the analysis) the weight of a radiation-cooled 
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magnet system is about three times the weight of a liquid-cooled magnet 
system to produce the same axial magnetic field strength. At values of in-
ner solenoid radii of the order of 1 em, and field strengths up to 1 kgauss, 
the absolute weight penalty accruing to the use of a radiation-cooled magnet 
is only of the order of a few pounds, and can perhaps be tolerated from the 
viewpoint of gaining reliability. At inner solenoid radii greater than 1 em, 
and magnetic fields greater than 1 kgauss the weight penalty associated 
with the radiation-cooled system is substantial and probably cannot be tol-
erated. 
To conclude, table IV presents estimates of magnet subsystem specific 
weights for the MPD arcjet. The magnet subsystem specific weight is de-
fined as the ratio of engine power to subsystem weight. Two power levels 
appear attractive for solar-powered MPD arcjet operation,L e., 1 to 10 kw 
and 20 to 40 kw; at the 1- to 10- kw power level the required inner solenoid 
is assumed to be of the order of 1 em, while at 20 to 40 · kw· the required 
inner radius is assumed to be of the order of 2 em. Similarly, the required 
solenoid axial field strengths are assumed to be in the range from 1 to 3 
kgauss.. It is stressed that the assumptions regarding inner solenoid radii 
and required field strength are working hypotheses. The results in table 
IV are thus only as valid as the assumptions. With due qualifications, the 
results in table IV do suggest, however, that, except at the very low engine 
input power levels, i.e., order of 1 .kw the specific magnet system weights 
appear quite tolerable and well within the current solar-powered electric 
propulsion subsystem design goal of 25 lb/kw. 
B. PERMANENT MAGNETS 
The magnet geometry considered was a cylinder of inner and outer radii r and 
R, respectively, and length 2L. The two cases are: ( 1) axially magnetized and 
( 2) radially magnetized cylinders. The magnetic field strengths in the region 
exterior to the magnet material may be determined by the method of magnetic 
bound current. 25 The field distributions in the regions exterior to the magnet 
are found to be identical to those of solenoidal current distributions. 
For the axially magnetized material, the field strength distribution is the same 
as that of two concentric solenoids of radii r and R, each carrying a current per 
unit length, M, but in opposite directions. M is the magnetization of the magnet 
material. It is seen that this configuration has certain obvious. disadvantages. 
First, and of major consequence, is the large cancellation of field strength due 
to the two "solenoids". The field strengths achieved are an order of magnitude 
lower than those achieved with an electromagnet. Secondly, the field distribu-
tion is not at all similar to that of a single solenoid. 
The radially magnetized configuration appears much more promising at this 
time. The field distribution is the same as that of two very thin solenoids lo-
cated at the end faces of the cylinder, although carrying currents in opposite 
directions. If the cylinder is of sufficient length, the field strength and its 
spatial distribution at one face and outside the magnet is essentially that of a 
single, thin solenoid situated at the end face. The other "solenoid" is far enough 
removed to have little or no effect upon the field in this region. 
The present indications are that field strengths of the order of l 
achieved with such a magnet with a weight penalty on the order of 
pounds. This is comparable to electromagnet systems. 
-122-
kgauss can be 
50 to 100 
TABLE IV 
MAGNET SUBSYSTEM SPECIFIC WEIGHT 
Engine Inner Solenoid Required System Specific 
Power Level Radius Field Strength Weight Weight 
(kw) (em) (kilogauss) (pounds) (lb/kw) 
1 1.0 1.0 4 4 
2.0 ll ll 
3.0 25 25 
10 1.0 1.0 4 0. 4 
2.0 ll l. l 
3.0 25 2. 5 
20 2. 5 1.0 24 1.2 
2.0 42 2. 1 
3.0 75 3. 8 
40 2. 5 1.0 24 0.6 
2.0 42 1.1 
3.0 75 1.9 
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N. APPLIED RESEARCH 
A. INTRODUCTION 
At this time, MPD accelerator research is being pursued at several labora-
tories including this one. The research programs differ in the propellants be-
ing used, the ambient pressure levels, the magnetic field strength applied, and 
in other details. Various hypotheses have been put forth in an attempt to explain, 
or at the least to correlate, the apparent accelerator operation with the controll-
able parameters. In addition, varied diagnostic studies have been pursued in 
the different laboratorieso The purpose of this section of this report is to in-
tegrate the information which is now available from all sources, and to present 
the results of experiments and analyses carried out at Avco RAD, with a view 
toward summarizing the current state of the art in our understanding of MPD 
arcjet operation. A tentative model of MPD arcjet operation, which is principally 
electrothermal in nature with a magnetic nozzle, is then proposed. 
B, CONDITIONS IN THE MPD ARCJET EXHAUST 
1. Appearance of the Exhaust 
At a low ambient pressure (order of 100 microns or less, down to the 
order to lo-2 micron) the exhaust jet of the MPD arcjet shows several 
qualitative features which are common to operation over a fairly wide 
range of current levels and magnetic field strengths. A central core is 
visible which emits intense radiation, and which grows in diameter slowly 
in the downstream direction. The annular space immediately around this 
core is relatively dark. Just outside of this annular region is a second 
luminous region, the cross sectional area of which changes sharply with 
distance downstream. The inner boundary of this second annular region 
appears to be circular in cross section, and the diameter of this bounding 
circle grows in the downstream direction more rapidly than the diameter 
of the core. The outer boundary of this second annular region is also circu-
lar in cross section, and the diameter of this bounding circle grows extreme-
ly rapidly, such that the projected view one obtains from the side is of an 
exponential or horn shape. Qualitatively, each of these shapes can be ex-
plained on the basis that they represent magnetic field lines. Near the 
axis of the device the field lines tend to be fairly parallel, opening slightly 
in the downstream direction, As one proceeds away from the centerline, 
the spread of field lines becomes more rapid. 
2. Estimates of Density and Mean Free Path 
An approximate relation for the number density of particles as a function 
of pressure and temperature is given by 
-124-
• 
n 3 x 1019 p (mm) 
760 
273 
T 
In the ambient gas in the test tank, the temperature varies from essentially 
room temperature near the tank walls to a higher value near the outer bound-
ary of the jet. If this higher temperature value is taken as approximately 
1000°K, then for the data reported here with cesium flow rates of 3 to 6 
mg/sec, the density of particles in the ambient gas is in the range 10 12 
to 3xlo 12 p~rticles/cm3, where a pressure of 0.1 micron is assumed. The 
mean free path for collisions is related to this number density and to the 
cross section by 
1 
,\ =-
na 
so that for a collision cross section of lo-14 cm2 (for neutral cesium) 38 
the mean free path is of the order of 0. 3 to 1 meter. This is comparable 
to the test tank_ dimensions, so that collisions of ambient gas particles 
with the tank walls are as frequent as particle-particle collisions. 
Within the jet structure the temperature can be very much higher, but the 
pressure is also likely to be much higher owing to magnetic pinching. 
Further, the collision eros s section for charged particles may be of the 
order of lo-13 cm2, rather than l0-14 cm2 • The effect of these changes 
is to reduce the mean free path by more than two orders of magnitude, to 
the order of a millimeter. 
3, Electrical Characteristics 
Voltage probes have been used by Hess and co-workers at NASA-Langley26• 
and at this laboratory.':' The results of: these investigations, in general, 
are comparable. It appears that the major voltage drops occur along lines 
normal to the applied magnetic field, while the voltage drops parallel to the 
field lines are smaller. Thus, from the cathode tip to a point well down-
stream (order of 12 inches) the voltage drop may be of the order of 30 per-
cent of the arc voltage, since this is along the magnetic field • 
Voltage probe measurements at higher ambient pressures are reported by Powers and Patrick.28 
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27 
• 
Cann and co-workers at EOs2 9 have used cooled Hall effect probes to measure 
the tangential magnetic field distribution, yielding the axial current density in 
the exhaust. Their results indicate that the main axial current flows in the 
central core of the discharge, leaks off steadily with distance downstream to 
join the "anode jet," and returns in the " anode jet, 11 which is identified with 
the outer bright region in the exhaust. 
Estimates made at Avco RAD indicate that, in the case of cesium, this 
current must be carried by electrons almost everywhere. The atomic 
weight of cesium is so large that a flow of 1 mg/ sec of singly ionized 
cesium atoms represents a current of only 0. 75 ampere. For the mass flows 
employed d_uring the tests reported above, 3 to 6 mg/ sec, the ions can 
carry only of the order of 5 amperes while arc currents of as much as 180 
amperes have been run. To account for this disparity by multiple ionization 
would require levels of ionization of the order of 30, which appears to be 
quite out of the question from theoretical considerations. More complicated 
explanations involving neutralization, recirculation, and reionization of 
the cesium atoms can be proposed, but this too seems unlikely on theoreti-
cal grounds. Therefore, it is concluded that the great bulk of the current 
is carried by electrons which are emitted from the cathode, flow down the 
central core of the discharge, diffuse into the anode jet over a sizable 
axia.l distance, and return to the anode. 
4. Velocity 
Velocities in the MPD arcjet exhaust have been measured in three ways, 
two of which depend also on a mass flow measurement, and one of which 
is independent of the mass flow measurement. Agreement is fairly good 
over much of the specific impulse range investigated. 
The indirect measurements have been made using thrust plates and thrust 
balances. Thrust balances were used at Avco RAD21 and at EOS3 and 
Giannini Scientific30 and thrust plates at Avco Everett31, EOS32, and 
NASA-Langley. 33 Those groups which worked with argon or a heavier 
gas':' obtained evidence of higher velocities in the exhaust jet than could be 
accounted for by equating the. kinetic energy per ion to the_ potential drop 
in the discharge multiplied by the electronic charge. Multiple ionization 
required is quite large (order 5 to 10 times ionized for some of the data) 
and is thought unlikely. 
Since the quantity measured in these cases is associated with the jet moment-
um, the velocity which is calculated depends also upon the mass flow rate 
measurement. Entrainment of ambient gas could disturb this picture and 
lead to erroneous values of the deduced velocity. Even though measurements 
have been reporte~ at ~ressures thought to be low enough to preclude signifi-
cant entrainment, 3• 3 , a more direct velocity measurement is desirable • 
EOS recently reported anomalous Isp values for lithium, which has an atomic weight of only 7. See reference 34. 
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Such a measurement has been made recently at Avco RAD. Au x B 
velocity probe developed under another program has been employed in 
the exhaust of an MPD arcjet to make direct velocity measurements. The 
2! x ~ probe is, in concept, an open circuited MHD generator. The emf in-
duced in such a generator when a plasma flow passes through it with a 
velocity 2! normal to the applied magnetic field ~is proportional to the 
magnitudes of u and B, and to a dimension between the sensing electrodes. 
In the particul~r probe employed at this laboratory the applied field fi is an 
alternating field, excited by ordinary 60- cycle power. Thus the output signal 
of the generator is also 60-cycles. Since the output signal magnitude is now 
independent of floating de potentials, the signal-to-noise ratio is very large 
at quite modest applied magnetic field intensities. Usable signals are ob-
tained with applied magnetic field strengths as low as 1 gauss. This value 
of applied field is thought to be so low that the effect of the applied field on 
the plasma flow is negligible. A more complete discussion of measure-
ments made with the u x B probe and their interpretatio~ and validity to 
direct velocity deter~ination is given in appendix G. 
The velocities measured with this probe in argon accelerated by an MPD 
arc correspond to a specific impulse as high as 3000 seconds. For an 
argon ion the kinetic energy at this velocity is approximately 200 electron volts. 
volts. Since the applied arc voltage in this test was of the order of 30 volts, 
there is little question that the energy per ion is larger than could be ob-
tained from dropping through the applied potential. It is thought unlikely 
that the argon io:o:J.s would be seven times ionized. 
5. Conclusions 
The observations listed so far seem to indicate that the electrons are the 
principal current carriers, at least in cesium operation; that the anomalous 
Isp values are obtained at a number of laboratories over a considerable 
ambient pressure range; and that there is so far no indication of sufficient 
voltage drops in the plasma to account for the acceleration of ions by elec-
tric fields. A model is tentativelyproposedto account for these facts in the 
next section. 
C. ACCELERATION MECHANISM 
1. De scription 
With this as a background, considerable thought has been given to the 
mechanism of acceleration in the MPD arcjet. A mechanism is proposed be-
low and given in more detail in appendix E which appears to explain the 
observed phenomena, and which allows comparison with the experimental 
results. The proposed mechanism is still tentative, depending upon the 
outcome of further measurements. 
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* 
Basically, it is tentatively suggested that the energy is added to the propel-
lant in the form of heat through ohmic dissipation, and the high specific 
impulse values are obtained by expansion in a nozzle. The contribution of 
the applied magnetic field is to form the nozzle which is magnetic. The 
action of Hall currents· is to modify the contour of this magnetic nozzle. 
This suggestion has been made previously by others, including Hess, 
Patrick, and Cann, in general discussions of lviPD acceleration processes. 
We are suggesting that the performance we have so far measured in cesium 
can be best explained on this basis.':' It is stressed that the suggestion is 
a tentative one. The motivation for this concept comes from the observed 
fact that velocities are obtained in the exhaust which appear to be too large 
to account for by acceleration in the applied electric field, and that voltage 
probe measurements in the exhaust give no indication of anomalies owing 
to space-charge effects. Since particles can be accelerated only by colli-
sions or by fields, and since there is so far no indication that the required 
fields are present, we have attempted to investigate collisional mechanisms. 
Figure 71 is a sketch of the exhaust jet issuing from the lviPD arcjet operat-
ing with cesium. It is based on the photograph of figure 52. A qualitative 
picture of the engine operation can be stated as follows: 
a. The cesium leaves the engine structure from the vicinity of the 
cathode tip as a vapor. It is ionized almost immediately, since the 
first ionization potential is so low (3. 8 volts}, and the collision mean 
free path is short. 
b. The ionized cesium enters a vacuum chamber where the ambient 
pressure is kept low (approximately 0. 1 micron}. The static pres-
sure within the cesium vapor is much higher, and the vapor tries to 
expand. However, it is a highly ionized plasma in a magnetic field. 
Near the cathode tip the field is nearly pure axial, and expansion in the 
radial direction would force the plasma to cross field lines. This would 
set up Hall currents to increase the magnetic pressure. As a result, 
the plasma expands very little in the radial direction. 
c. The arc current, carried by electrons, flows through the plasma 
in an essentially axial direction through this magnetic channel. There 
is a leakage of electrons in the radial direction, which increases in the 
downstream direction as the magnetic field weakens and becomes less 
axial. The electrons find a magnetic field line which terminates on the 
anode and return to the anode along it. Electrons carry the current 
everywhere, with only a small portion carried by ions. 
Entrainment would also explain this performance. If the pressure measurements are valid within a factor of 3, entrain-
ment can be ruled out, but we are not sure of the behavior of ionization gauges in cesium vapor. 
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d. Over the return path to the anode the electrons collide with ambient 
cesium ions, exciting and ionizing them, and causing the outer luminous 
zone to appear. This outer luminous zone is not directly involved in 
the acceleration. 
e. In the inner luminous zone, confined by the magnetic nozzle, is 
the entire input mass flow of cesium through which the arc current 
passes. This cesium is heated to extremely high temperatures, and 
accelerates as it expands in the magnetic nozzle. The pressure levels 
within the magnetic nozzle are considerable (order of 1 mm) so that the 
mean free paths for electron-ion collisions are quite short. 
2. Evidence for the Electrothermal Model of lviPD Operation 
The evidence for this explanation of lviPD arcjet operation is as follows: 
a. Since the current is carried almost entirely by electrons, the cur-
rent flow and the input propellant flow are uncoupled; it is not necessary 
that there be a specific number of ions created per second to account 
for a given current flow. We have observed that the current can exceed 
the flow rate of propellant atoms by such a large factor as to make 
alternative explanations (entrainment, erosion of electrode material, 
multiple ionization) unlikely. Further, the measurements of Lenn at 
EOS indicate that the current even in the outer luminous zone (in argon) 
tends to follow the magnetic field lines; if this current were being car-
ried by ions, because they can cross field lines while electrons cannot, 
there would be no need for the current to be tied to field lines. This 
observation suggests that the electrons are the current carriers. 
b. Since the number of charge carriers is large compared to the num-
ber of accelerated particles, each accelerated particle can obtain energy 
from a number of charge carriers. Thus, an accelerated particle can 
benefit from a number of particles which have fallen through the applied 
potential. There is, then, no limit attached to the Isp as compared to 
the accelerator terminal voltage. 
c. The magnetic effects make the pressure sizable in the acceleration 
region, so that there are numerous collisions to transfer energy to the 
ions. 
d. The observed voltage patterns in the exhaust region are consistent 
with this picture of lviPD arcjet operation. The potentially useful energy 
input is given by the product of the current and the voltage drop from 
the cathode to the end of the magnetic nozzle. The rest of the voltage 
drop between the nozzle surface and the anode is waste, winding up in 
anode heating. In our cesium data, it has generally been the case that 
the thrust power is a relatively small portion of the input power 
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( corre spending to the fact that the voltage drop along the bright core 
region is a small part of the total voltage drop), while the anode heating 
power has been a large portion of the input power (corresponding to the 
fact that electrons drop through a large potential in going from the bright 
core to the anode, and then give up this energy to the anode as they 
enter it). 
e. In general, .MPD arcjet thrust has been relatively insensitive to 
the magnetic field strength, while the voltage has been much more 
sensitive to the magnetic field strength. This is consistent with the 
picture which has been given above; the primary function of the mag-
netic field is to establish the nozzle. Variations in the field strength 
or configuration are analogous to variations in area ratio or divergence 
angle of a nozzle. These have some effect on the thrust, but, in gen-
eral, the thrust is not greatly sensitive to these quantities within a wide 
range of variations. On the other hand, the voltage is involved prin-
cipally with the return of the electrons to the anode across the magnetic 
field, and this is expected to be sensitive to the magnetic field strength. 
f. In general, the voltage has been quite insensitive to the specific 
impulse level. If the acceleration were predominantly through addition 
·of directed kinetic energy to the plasma, one would expect the voltage 
to climb with specific impulse (analogous to the back emf in a motor). 
3. Performance Calculations 
Based on this simple picture of the acceleration process, order of magnitude 
calculations have been made of thrustor performance, To date, a relation 
has been obtained for the thrust as a function of the engine operating param-
eters, subject to a number of simplifying assumptions. The analysis is 
proceeding in a direction such as to reduce the number of assumptions, and 
to derive also a relation for the overall efficiency. 
The nozzle shape obtained in the first order analysis of appendix E is com-
pared to measurements made from the photograph of figure 52 in figure 72 
below. The theoretical nozzle shape was obtained simply by considering 
the magnet to be a single turn of 15 em radius, and by stipulating that no 
plasma cross any magnetic field line. Starting with a circular cross sec-
tion of area A0 at the cathode tip, the nozzle channel remains circular in 
cross section with a cross sectional area which grows as 
A 
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where z is distance downstream. A is unknown and was chosen as l 
cm2 for convenience and to accord a~proximately with observations in the 
inner luminous jet. 
The measured points in·figure 72 are taken from the photograph of figure 
52. The nozzle diameter at any z was taken to be the apparent width of 
the luminous inner jet. This measurement is, admittedly, subjective 
and crude; however, itisthought that within uncertainties of the order of 
20 percent it is satisfactory. The agreement between the approximately 
calculated magnetic duct shape and the measurements of the luminosity 
diameter of the inner jet should not be evaluated too heavily; still, in the 
spirit of a first-order analysis it is encouraging. 
It is next interesting to make first-order estimates of the plasma para-
meters in the nozzle. Again, these estimates will be made, not in an 
attempt to fix the plasma state precisely, but rather to indicate the orders 
of magnitude of temperature, density, etc., which are to be expected. For 
these purposes, it is convenient to choose a typical running condition. We 
select the case with: 
V = arc voltage = 80 volts 
T 
=arc current =100 amperes 
= 5 mg/sec 
2 
= l em 
=thrust = 10 grams. 
For this case, the thrust power is: 
-5 
= 4. 8xl0 T I sp 0.96 kw 
and the kinetic enthalpy of the gas is 
1/2 u2 = 2 x 10 12 ergs/ gram. 
The stagnation enthalpy is larger by a factor probably between one and two, 
owing to frozen flow and incomplete expansion losses. We choose l. 25, so 
that 
12 
= 2. 5xl0 ergs/ gram 
and the total energy content of the discharge plasma is 
= l. 25 kw. 
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We now assume that the major portion of the heating occurs upstream of 
the sonic point, with perhaps 25 percent of the input power delivered 
in the supersonic region. Then, the total enthalpy at the throat is 
h 
s ,t 
lz" 12 
= 0.75x2.5xl0 =1.8xl0 ergs/gram 
and the total energy content of the discharge plasma is 
Etot = m h5 = 1.25 kw . 25 kw 
We expect most of this to be in the form of static enthalpy, with a small 
fraction already in directed form. A rough estimate of the enthalpy of 
cesium as a function of temperature is given in figure 73. This has been 
calculated simply as 
-] m + E· -
IOn 133 
where N 0 i s 6xl 0 23 , m is the mean molecular weight of the mixture of 
cesium, ions, and electrons, and Eion is the energy per ion invested in 
ionization 6.ncluding multiple ionization). Each stage of ionization was 
assumed to occur at a temperature such that 
kT 
where E 1 is the ionization energy of the level in question. This is a fairly 
good assumption at low pressures, if there are sufficient collisions. 
According to figure 73, an enthalpy of 1. 8 x 1 o12 ergs/ gram in cesium 
corresponds to a temperature of approximately 60, ooooK, with essential-
ly complete fourth ionization and partial fifth ionization. In this case, m 
is about 25. We can now compute the sound speed from 
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12 
10 
0 
65- 10601 
10,000 30,000 
NOTE: VALUES ARE APPROXIMATE ONLY, 
AND OBTAINED FROM 
h = ~ [ ( %- k T) + : 3 E ion ] 
50,000 
Figure 73 ENTHALPY VERSUS TEMPERATURE FOR CESIUM 
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70,000 
and we find with y 1.4 
a 503 X 105 em/sec 0 
In this case, the directed kinetic enthalpy at the sonic point is given by 
hK.Eo,t = 1/2 a 2 = 1.4 X 10 11 ergs/gm, 
or about 8 percent of the total enthalpy at the throat. 
We next ask what are the electrical characteristics of the subsonic portion 
of the flow. At the throat temperature we find the electrical conductivity 
as given by Spitzer: 3 5 
a 
206 X w-4 Ye y3/2 
Z ln ,\ 
where Ye is a fraction near unity for multiple ionization, 1 n ,\ is of the 
order of 10 for the conditions thought to exist in the MPD arcjet, and we 
take 4. 5 for Z. Then 
a ,., 60 mho/em 0 
This conductivity actually is not a sensitive function of temperature down to 
the order of 10, 000°K, for, as T decreases, Z also decreases. On the 
assumption that the entire subsonic region can be represented by a conduct-
ivity (along magnetic field lines) of 50 mho/ em, we find the electrical input 
power to be 
p 5 x--- 1 kwo 
a A 50 X 1 
For a 5 mg/sec flow rate hs, t = 2 x 1012 ergs/gram, in fair agreement 
with the assumptions. 
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In summary, these first order estimates indicate the following approximate 
conditions in a typical cesium test: 
Current 
Voltage drop 
Cathode to sonic point 
Distance, 
Cathode to sonic point 
Enthalpy, sonic point 
Temperature, sonic point 
Level of ionization 
Sound speed, sonic point 
De~sity, sonic point (~) 
at A 
Pressure, sonic point (nk.T) 
= 100 amperes 
= 10 volts 
= 5 em 
= 1. 8 to 2 x 1012 ergs/gram 
4 to 5 
5. 3 x 105 em/ sec 
10-8 gm/cm3 
1. 5 x 10-3 = 1 mm. 
More careful analyses are planned, and they may change these estimates 
substantially, but in a qualitative sense they serve to indicate conditions 
which are present in the proposed magnetic nozzle. 
It is finally of interest to examine the magnetic interaction parameter, 
a B2 lIp v • If there is an effective nozzle, this must greatly exceed unity. 
Using sonic point condition_s, and MKS units, 
?t'-\" I.~ ·J- ... \·r'"! 0 ~~ .. ,.. 
'·~ 1 
v 
-100. 
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V. CURRENT DEVELOPMENT STATUS OF THE 
MPD ARCJET 
The MPD arcjet and similar devices (e.g., the Hall current accelerator, the 
Hare jet, the magnetic annular arc, etc.) continue to hold promise as electric 
propulsion devices because of a relatively high thrust per unit cross sectional 
area compared to the ion engine, an "apparent" high electric to thrust power 
energy conversion efficiency, e. g., > 50 percent at 5000 seconds, lightweight 
power conditioning requirements, and simplicity. The enthusiam for the 
device is, however, tempered by the observation that in operation with gaseous 
propellants, e.g. , hydrogen and ammonia, at power levels of the order of tens 
of kilowatts and mass flow rates less than 0.01 gm/sec there is clear evidence 
of an interaction between the test environment and the acceleration process, 
which would not be present in the hard vacuum of space. This interaction is 
illustrated by the observation that the engine continues to run, without electrode 
erosion, at a no-mass-flow condition; this is clearly indicative of either mass 
flow ingestion into the engine or mass flow entrainment into the exhaust region. 
The possibility of entrainment and/or ingestion unfortunately puts into question 
some of the propulsion performance results on which the early enthusiasm for 
the MPD arcjet was based. Recent propulsion performance data obtained 
using the condensable alkali metal vapors, e. g., lithium, at low back pressures 
(order of 10-4 to 10-6 mm Hg), although promising, are still not con-
clusive evidence that the MPD arcjet will give the same performance in both 
a laboratory and space environment. 
Apart from the question of the effect of test environment on MPD arcjet 
performance, other fundamental questions pertaining to the nature of the MPD 
arcjet acceleration and energy loss mechanisms remain unanswered. 
l. At current flows of the order of thousands of amperes and with a 
negligible external magnetic field the measured engine thrust can be pre-
dicted analytically and is clearly identified with self-induced magnetic 
pumping, j2 Be, and magnetic blowing, jrBe , effects. Predictions of over-
all electric-to-thrust-power efficiency can be made for this mode of 
operation based on complete ionization, frozen flow, and assumed anode 
and cathode fall voltages; however, neither the significance nor validity 
of these predictions is clear. Further, particularly in the case of the 
gaseous propellants and their attendant high test tank pressure, due to 
uncertainties in the "actual" mass flow rate, the significance of the 
"measured" electric-to-thrust-power efficiency is not certain. 
2. At current flows of the order of tens and hundreds of amperes and with 
an externally applied magnetic field of the order of a kgauss the nature of 
the acceleration mechanism is not clear. Speculation on the nature of 
the acceleration process includes: (i) interaction of an induced azimuthal 
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current, ie , with the applied field, Br ; (ii) electrothermal acceleration 
of the gas resulting from local joule heating; (iii) conversion of rotational 
kinetic energy (resulting from the interaction of the applied field, 8 2 , with 
the applied current, ir ), into directed kinetic energy in a magnetic nozzle; 
and, finally, (iv) a combination of all three. Again, as in the case of 
operation with self-induced fields, both analytical predictions and clear. 
measurements on the electric-to-thrust-pov.er efficiency are lacking. 
3. In the case of water-cooled engines operated with gaseous propellants 
the apparent anode fall voltage, defined as the ratio of anode power to 
current flow, was relatively insensitive to propellant and magnetic field 
and was of the order of 25 volts. In the case of cesium, the apparent 
anode fall voltage was not independent of the current. The reason for the 
apparent discrepancy -in anode behavior between the gaseous propellants 
and alkali metal vapor is not clear. 
4. A critical factor in the evaluation of the possible significance or lack 
of significance of entrainment in terms of engine performance is the 
determination of the extent of the zone of thermal and/ or kinetic energy 
addition. Although the existence of current paths downstream of the engine 
has been identified, the extent of the actual acceleration zone is unknown. 
It is important to recognize that gas entrainment outside of the gas acceler-
ation zone will not affect engine propulsion performance. 
5. Critical to an examination of the MPD arcjet acceleration process is 
experimental information with regard to the degree of ionization, and the 
electron and ion temperatures in the MPD arcjet exhaust. Estimates of 
the degree of ionization by different investigators using different techniques 
range from slightly to fully ionized. In the case of a fully ionized plasma, 
the steady-state Hall currents would, of course, be negligible. 
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VL DIRECTION FOR FUTURE RESEARCH 
1. Systematic thrust stand dataare.neededon the performance of a series of 
alkali metal vapor MPD arcjet engines as a function of configuration, current, 
magnetic field strength, mass flow rate, and tank pressure. 
2. The thrust and specific impulse data obtained as part of item (l) must be 
complemented with simulta::1.eous direct velocity measurements in the MPD 
arcjet exhaust. The exhaust velocity measurements should be carried out by 
means of a number of different techniques including Faraday-type probes, 
double Langmuir probes, and particle time-of-flight measurements using 
photomultipliers. The velocity measurements, when compared to the specific 
impulse measurements, will give an estimate of the significance of gas entrainment 
as a function of operating conditions. 
3. Knowledge of the nature and extent of the accleration region can be enhanced 
by a series of local B-field and E-field measurements which, in turn, can be 
used to establish local current, local conductivity, and local joule heating. 
The local magnetic field components, i.e., Bz, Be, Br, can be measured 
by means of local, solid- state Hall probes; and the local field, i.e., Ez, Eg, 
and Er, by floating probes. The local axial velocity measurements, Uz, obtained 
under item (2) should be complemented by local azimuthal velocity measure-
ments, Ug, to investigate the possibility of the conversion of swirl velocity 
(resulting from the interaction of the axial magnetic fi.eld, Bz, and the radial 
current component, ir ) to directed kinetic energy. 
4. A significant energy loss mechanism in the MPD arcjet is the power trans-
ferred to the engine electrodes, in particular, to the anode. Systematic data are 
required to establish the effect on anode heating, if any, of propellant, electrode 
configuration, and magnetic field strength. Of particular interest is the 
apparent difference in behavior between the anode performance of the gaseous 
and alkali metal vapor propellants. 
5. Experimental information is required on the degree of ionization in the MPD 
arcjet exhaust both for the purpose of fixing electric-to-thrust-power efficiency 
limits, and to establish the nature of the acceleration process. 
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APPENDIX A 
HIGH SPECIFIC IMPULSE ENGINE PERFORMANCE DATA 
1. Performance Data for X-2C High Specific Impulse Engine 
Tables A-1, A-2, and A-3 list performance values which have been obtained 
with the X-2C engine in hydrogen, ammonia, and argon, respectively. 
2, Pressure-Tap Cathode Results 
Table A-4 lists measurements which have been made with an X-2C engine in 
which the cathode contained a 2, 3 mm diameter pressure tap at the tip. 
3. Performance Data for X-2A High Specific Impulse Engine 
The X-2A engine differs from the X-2C in two respects. The X-2C nozzle is 
replaced by the nozzle shown in figure A-1, and the separately excited mag-
netic field is replaced by a self excited magnetic field mounted on the thrustor. 
Data on X-2A engine performance are listed in table A-5. 
4. Performance Data for X-2B High Specific Impulse Engine 
The X-2B engine differs from the X-2C in that the nozzle of the X-2C is re-
placed by the configuration shown in figure A-2, while the cathode is replaced 
by a hemisphere tipped rod. Data obtained with the X-2B engine configuration 
are listed in table A-6. 
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64-10347 
Figure A -1 CONFIGURATION X2- A 
1.100 1.350 1.600 2.500 3.000 3.623 
I. 098 1.348 1.598 3.622 
0.125 
64-10348 Figure A-2 CONFIGURATION X2-B 
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APPENDIX B 
CALCULATION OF CONTRIBUTIONS TO T 
We assume the following current distribution, referring to figure B -1: 
At the cathode 
i_ 0 for r < r0 
constant for r0 < r < rc 
0 for r > rc 
At the anode 
j = 0 except at r = ra • 
J:t'igure B-1 
With this assumption of current density distribution at the electrode surfaces, 
we first compute rc from the cathode tip overpressure, then Tpump , and 
finally, T blow • 
l. Cathode Tip Overpressure 
For r0 < r < rc the current density at the cathode surface 
is 
1 
rr(r 2 - r 2) c 0 
(B-l) 
and the resulting azimuthal magnetic field is given by Maxwell's equation 
for curl B as 
(B-2) 
-153-
We equate the radial j x B force resulting from the interaction of this axial 
current density with the azimuthal magnetic field to the radial pressure 
gradient: 
212 t'~) - dP/dr iz Be 
TT (r2 - 2 2 
c ro) 
(B -3) 
Hence, 
212 /' r2- r2 0 p Po + dr TT (r2 - 2 2 
c ro) 
(B -4) 
212 ~~ 2 ,, J - r 2 p - Po 
2 2 2 
- ro 1n -;--
TT (r2 
- ro) c 
(B-5) 
where P- P is the cathode tip over pressure. The quantity measured is 
0 
P(r0 ) which is obtained from equation (B-5) by letting r = r0 
For mathematical 
p (ro) - p o 
[ 
2 
ro 
1--
r2 2 
c - ro 
convenience we define 
r2 ~2 - 1 - '"~'j 
TTr2 ({32 - 1)2 • 
0 
rc/ro = f3 so that 
(B-6) 
(B -7) 
The measured pressure values as a function of current now determine f3 
and hence rc as a function of current. Numerical values are computed 
later in this appendix. 
Tpump 
By definition, 
! R [ P (r) - P 0 ] 2 TT r dr 
0 
-154-
(B -8) 
where R is the outer radial extent of the cathode. From equation (B- 5), 
P- P 0 is non-zero only for r < rc' so that the upper limit of integration in 
equation (B-8), R, can be replaced by rc • Making this change, and sub-
stituting for P(r)- P 0 from equation (B-5) for r 0 <r<rc, and the value of 
equation (B- 5) for r = r0 . when O<r < r0 , we find: 
Tpump 
(B-9) 
Carrying out the indicated integration gives: 
(B-10) 
which is the same relation used for the cylindrical sheet discharge. * 
The blowing term is now evaluated from a relation given in reference 37 
and reproduced here: 
J" I~ (r) - 1; (r) Fz Tblow dr (B-11) r 
0 
where 
Ic (r) J' 2rr<i, (,) d< 
0 
and 
r 
Ia (r) 1 '"' ;. (,) ., 
0 
*It can be proven, although it is not demonstrated here, that Tpump always is given by \1,12 , independent of the current 
density distribution. 
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For the current density distribution used in this appendix, 
0 
I, 
0, 
I, 
the integral of equation (B-11) becomes 
I2 [ {'' (r2 - r~ ) 2 dr + j'' ~] Tblow (B-12) 2 2 2 r (r c - r o) 
rc 
['' r4 _c - r2. r2 + r4 0 r4 - r4 l nrc - -+ l n r0 4 c 0 0 4 0 0 'a ] I2 + ln-
r4 - 2 r2 r2 + r4 rc c 0 c 0 
Again using 
Tblow = 
(B-13) 
This differs from the result obtained for a cylindrical sheet current by the 
addition of the term 1/4 ((3 2 - 3/ (32 - 1-). Since typically, (3 is of the order 
of 2 or 3, the additional term is of the order·o. u2 to 0. 2I2. 
2. Numerical Results 
For the current distribution used in this appendix we evaluate Tself as a 
function of current and compare the values so obtained with those calculated 
for a cylindrical sheet current distribution. 
a. T = 1/2 r2 pump 
b. (3 is evaluated from equation (B-7) using the measured P(r ) - P0 • 0 
This is best done graphically. 
-156-
d. Tblow is evaluated from equation (B-13), using {3 obtained in step 
b, rc in step c., and ra = rthroat 
The results are given in table B-1 below: 
TABLE B-I 
FOR UNIFORM CATHODE CURRENT DENSITY WITH PRESSURE TAP 
·- r ----~ T pump {3 rc Tblow Tself Tself':' amo i?:ram em a ram ar"m Pram 
1ooo! 5. l 2 0.230 11.5 16.6 17.5 
1500 11.5 2.45 0.282 22.5 34.0 37.2 
2000 20.4 2.75 0.316 36.2 56.6 59 
1 2500 31. 8 3.0510.351 50. l 81.9 86.4 
*T for cylindrical sheet current distribution 
self 
r =0.114 
0 
r = 0. 635 . 
a 
i 
! 
' 
It is clear from table B-I that the effect of this variation in current distri-
bution is small on T self • 
-157-
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APPENDIX C 
MPD ARCJET ENGINE PERFORMANCE DATA 
Tables C-1, C-II, and C-III list performance values which have been obtained 
with the X-2C MPD engine in hydrogen at mass flows of 0. OS, 0. 03, and 0. 02 
grn/ sec, respectively. Tables C-IV and C- V list the performance values ob-
tained in ammoniaatmass.flows of 0. 058 and 0. 029 gm/ sec, respectively. 
TABLE C-I 
PERFORMANCE OF THE MPD ARC X-2C WITH HYDROGEN MASS FLOW OF 0. 05 GM/SEC 
Field Power to 
Arc Coil Arc Specific Input Thrust Anode and Thermal 
Current Current Voltage Thrust Impulse Power Efficiency Cathode Efficiency 
(amperes) (amperes) (volts) (grams) (seconds) (kw) (percent) (kw) (percent) 
600 700 72 62 1240 43.3 8. 5 18. 7 57 
1000 70.5 104 2080 70.5 14.8 26.8 62 
1300 70.5 146 2920 91. 7 22.3 32.0 65 
1600 81 204 4080 129.5 30.9 38.3 70 
600 800 76 66 1320 45.6 9.2 2{). 3 55 
1000 76 116 2320 76.0 17.0 28.2 63 
1300 80 158 3160 104.0 23. 1 33.8 68 
1600 86 216 4320 137.5 32.6 39.3 71 
600 900 80 70 1400 48.0 9. 8 20. 7 57 
1000 80.5 120 2400 80.5 17. 1 29. 1 64 
1300 85 174 3840 110.5 26.3 34.7 69 
1600 90 222 4440 144.0 32.8 40.2 72 
600 1000 85 74 1480 51.0 10.3 21. 7 57 
1000 85 129 2580 85.0 17. 8 30.0 65 
1300 90 183 3660 117.0 27.5 36.5 69 
1600 95 241 4820 152.0 36.7 41.2 73 
600 1100 88.5 83 1660 53.1 12.5 22.6 57 
1000 90 145 2900 90.0 22.4 31. 0 66 
1300 95 200 4000 123.5 31. 1 37. 4• 70 
1600 100 258 5160 160.0 40.0 41. 6 74 
600 1200- 92 87 1740 55.2 13. 2 22. 6 59 
1000 94 149 2980 94.0 22.6 31. 9 66 
1300 99 208 4160 129.0 32.2 37.9 71 
1600 103.5 270 5400 166.0 42.2 42.6 74 
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APPENDIX D 
PRO.PULSION PERFORMANCE OF A LIQUID COOLED 
MPD THRUSTOR WITH CESIUM PROPELLANT 
Cesium Arc Arc Arc 
Flow Voltage Current Power B 
(gm/ sec) (volts) (amps) (kw) (kilogauss) 
3.5x 10- 3 110 85 9.35 2.2 
115 80 9.2 2. 5 
115 80 9. 2 2. 75 
115 80 9. 2 3. 05 
114 80 9. 12 3, 3 
110 85 9. 35 2. 2 
3, 8 X 10- 3 120 71 7. 5 2. 2 
93 112 10. 4 2. 2 
83 127 10. 5I 2. 2 
4.2x lo- 3 80 130 10.4 2. 2 
79 130 10. 3 2. 75 
75 131 9.8 2. 2 
70 132 9.2 1. 65 
69 135 9.3 1. 65 
5, 1 X 10-3 64 135 8. 6 1. 65 
52 140 7. 3 1. 1 
67 139 9. 3 2. 2 
5.5x10-3 42.5 140 5. 95 0.83 
37. 5 140 5. 25 0.66 
64 138 8.8 2.2 
44 140 6. 15 1. 1 
6.0x1o-3 52 175 9. 1 1. 1 
67 175 10.7 1. 65 
62 140 8.7 2.2 
59 141 8.3 2. 2 
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Thrust 
(grams) 
9.4 
8.7 
8. 1 
7. 4 
6.7 
8. 1 
8. 1 
10. 1 
10.7 
9.4 
9.4 
8.7 
8.7 
8.7 
8.7 
6. 7 
9.4 
6.0 
5.4 
10. 7 
6.7 
8.7 
9.4 
'10. 7 
10. 7 
Thrust Overall Power to Arc 
Point Isp Power Efficiency Cooling Efficiency •o I 'arc 
(seconds) (kw) (percent) (kw) (percent) (percent) 
1 2690 1. 21 13 6.25 33 39. 5 
2 2480 1. 04 11. 3 6. 1 34 33.4 
3 2320 0. 9 9.8 5.9 36 27.2 
4 2120 0.75 8. 2 5.75 37 22.2 
5 1920 0. 62 6.8 5.6 38 17.9 
6 2320 0.9 9.6 6.6 29 33. 1 
7 2120 0.83 11 5.4 28 39. 3 
8 2660 1. 28 12. 3 7.2 31 39.8 
9 2810 1. 44 13. 7 7. 2 32 42.9 
10 2240 1. 01 9.7 7. 1 32 30. 3 
11 2240 1. 01 9.8 6.9 33 29.7 
12 2070 0.87 8.9 6.9 30 29.7 
13 2070 0.87 9. 5 6.9 25 38. 0 
14 2070 0.87 9.4 6.9 26 36.2 
15 1700 0.71 8. 3 6.6 23 36. 1 
16 1310 0.42 5. 8 5.6 23 25. 2 
17 1840 0.83 8.9 6. 6 29 30.7 
18 1090 0. 32 5.4 4.6 23 23. 5 
19 980 0.25 4.8 4. 1 22 21. 8 
20 1945 1.0 11. 4 6. 3 28 40.6 
21 1220 0. 39 6. 3 4.6 25 25.2 
22 1450 0.61 6.7 6.9 24 28.0 
23 1570 0. 71 6.6 7.6 29 22.8 
24 1780 0.92 10. 6 6. 3 27 39. 3 
25 1780 0.92 11. 0 5.9 29 36.6 
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APPENDIX E 
A THEORETICAL MODEL FOR THE MPD ARCJET 
IN A STRONG MAGNETIC FIELD 
A. PRELIMINARY DESCRIPTION OF THE MODEL 
In the model for the MPD arcjet proposed here, it is assumed that the ex-
ternally applied magnetic field is sufficiently strong that it can effectively 
prevent the flow of gas across the magnetic field lines, so that gas and current 
flow are essentially constrained to follow the lines of the applied magnetic 
field. The applied field thus acts basically as a ''magnetic nozzle" which 
confines the gas and allows it to be heated to rather high temperature by the 
arc current at relatively high pressures. Because of the high pressures, the 
electron energy can be transferred efficiently to thermal energy of the ions 
by collisions, and this energy is then converted into directed motion by ex-
pansion through the nozzle just as in the case o1 an ordinary material nozzle. 
The gas momentum is transferred back to the engine partially by direct gas 
pressure in the cathode region, but primarily indirectly through. the magnetic 
field by gas pressure on the "magnetic nozzle." This latter interaction between 
the gas and the "magnetic nozzle" is, of course, just another way of describing 
the j x B forces on the gas. 
In the "magnetic nozzle" model of the MPD arcjet proposed here, the region 
outside of the central gas flow should have a very low density and hence a 
very large value of wr for electrons. Hence, in this region, current flow will 
be easy along the magnetic field lines, but very difficult across them. The 
arc current will thus tend to flow out from the 
cathode along the central gas core for a considerable distance, but at the same 
time will gradually leak off through the surrounding low-density region across 
the magnetic field lines and return to the anode along the magnetic field lines, 
as indicated in the figure. Although the resistivity for current flow across the 
low-density sheath region is very high, the cross-sectional area is large 
and the current density at any point is low, so that the total arc current can 
get through this region without requiring an excessively high potential drop. 
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B. CONFINEMENT MECHANISM 
For the arcjet model proposed above to be applicable, the applied magnetic 
field must, of course, be. sufficiently strong to provide the assumed confinement 
of the gas jet. One necessary condition for this is evidently that the magnetic 
pressure of the applied field must be greater than the gas pressure, i.e., 
p < 
( 1) 
877 
For an applied magnetic field B ""1000 gauss, the magnetic pressure B2/Srr"' 0.1 atm., 
so that condition (l) should be very well satisfied for the conditions existing 
in the MPD arcjet. 
Equation (l) gives the maximum gas pressure which can be contained by the 
applied magnetic field if the gas does~ not leak across the magnetic field lines, 
but it does not indicate how long this pressure can be maintained under actual 
arc conditions. In order to investigate this confinement time, it is necessary 
to determine how fast the gas can diffuse across the magnetic field lines. 
There are apparently a number of mechanisms by which this diffusion process 
can occur, and many of these are not well understood at the present time, 
so that it is not possible to give a definitive answer to this question here. 
However, it is possible to consider a few of the more likely diffusion mechanism 
One of the simplest of these is the diffusion produced by the finite resistivity 
of the gas. For this mechanism the diffusion velocity of the gas across the 
magnetic field lines is given by (Spitzer, 2nd edition, equation 2-39) 
'VP 
1.78 x ro-3 z In A 
B2 yl/2 'Vn 
(2) 
Assuming a fully ionized gas with T = 10, 000° K, p = 1 mm Hg, and applied 
magnetic field B = 1000 gauss, and a jet diameter of about 1 em, equation (2) 
gives a diffusion velocity v 0 -loS em/sec. For a jet velocity v ""'106 em/sec 
(corresponding to a specific impulse 15 p ""' 1000), this gives (vo/v)..., 0. 1 so 
that the gas flow is approximately along the magnetic field lines under these 
conditions. For higher temperatures or lower pressures, the diffusion 
velocity calculated from equation ( 2) would be smaller and the confinement of 
the gas to the magnetic field lines correspondingly better, 
Another possible mechanism for the diffusion of gas across the magnetic field 
lines is provided by turbulence in the field. For this mechanism, Bohm has 
suggested a formula for the diffusion velocity of the form (Spitzer, equation 
2-45) 
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540 T 
Vn · ( 3) nB 
For the jet conditions con~ ide red previously, this formula gives v0 - 104 em/ sec 
andv0/v'"' lQ-2 so that again the gas is constrained to follow the field lines 
rather closely. 
Although it is not possible to draw definite conclusions without a better under-
standing of the phenomena involved, it appears from the above discussion that 
for many conditions of interest in MPD arcjet operation it should be a good 
approximation to assume that the gas flow follows the magnetic field lines 
rather closely, so that the "magnetic nozzle" treatment of the flow will be 
applicable. This should be especially true for conditions of low mass flow or 
high specific impulse, The force which prevents the flow of gas across the 
magnetic field lines as discussed in the preceding paragraphs is of course just 
the usual magnetic induction force which arises when a conductor moves in a 
magnetic field. Thus, when the gas tries to move across the magnetic field 
lines, it induces an azimuthal current ie which interacts with the applied field 
B in such a way as to oppose the motion which produced it, and thus to keep the 
gas moving along the magnetic lines. Within the applicability of the magnetic 
nozzle approximation discussed above, we see that the induced curre~t ie 
automatically adjusts to provide just the force which is required to keep the gas 
from moving across the field lines. Since this force is proportional to j x B, 
it follows that, for the same gas conditions, the azimuthal current ie will be 
inversely proportional to the applied field B, 
1 
ie a 13 
while the gas flow and the net thrust produced will be independent of B, for 
sufficiently large applied fields B. 
C. FLOW CONDITIONS IN THE "MAGNETIC NOZZLE'' 
For a first approximation, we may treat the flow of gas through the "magnetic 
nozzle" by means of conventional one-dimensional nozzle theory. The equations 
of motion then become: 
d (pv A) 0 
dz 
dp dv 
A-+ pv A 0 
dz dz 
d (h 1 
·') pvA +- s dz 2 (5) 
-169-
where A is the cross-sectional area of the nozzle, S is the power added to the 
flow per unit length, and all quantities are assumed to be functions only of the 
axial co-ordinate z. The cross-sectional area A is determined in this approxi-
mation by the condition that. the total fluxf. dA through the nozzle is constant, 
so that 
A o: (6) 
B 
where B is the applied field. 
In order to get a qualitative idea of the nature of the solutions of equation (5), 
we now introduce the further approximations that the gas is ideal so that 
h 
y 
y-1 
p 
p 
and that the energy deposition in the gas is entirely due to Joule heating 
s 
A a 
(7a) 
(7b) 
where the arc current I and the electrical conductivity a are assumed to be 
constants. One notes that among other things, equation (7) assumes that the 
gas is in equilibrium and that energy transport is negligible, two assumptions 
which are likely to be quantitatively rather poor. Further, we assume that the 
magnetic field is that produced by a single coil of radius R, so that along the 
axis 
B 
The corresponding area from equation (6) is then 
A ( 8) 
where A0 is the cross-sectional area of the flow at z = 0, 
Using equations (7) and (8), the mass energy conservation equations (Sa) and 
(Sc) may now be integrated to give 
pv A = m 
(9) 
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with 
w =--- (lOa) 
Using this result and introducing the new variable 
(lOb) 
where M is the Mach number, the momentum conservation equation (5b) can be 
written in the nondimensional form: 
"(1 + -'T'- ,) (1 - 6f + n) . 
c;-(1+00-77) ( ll) 
An analysis of equation ( ll) shows that the solutions will be thermally choked at 
the point 
( 12) 
and this furnishes the required boundary condition for the solution of equation 
( ll). This solution has not yet been obtained; however, some general informa-
tion about the nature of the solution can nevertheless be obtained from a 
knowledge of conditions at the sonic point ( 12). The formulas for the various 
gas properties at the sonic point are readily obtained from equations (7), (8), 
(10), and (12) above, as follows: 
2W 
h = 5 v (y + 1) (y + 7) 
2(y-1) 
v5 v ( y + 1) (y + 7) 
P5 ( _6_) 3/2 y + 7 
yw 
y(y+1)(y+7) 
2(y-1) 
.. 
m 
p =~ (-6-)3/2 2(y-1) 
5 y y + 7 v (y + 1) ( y + 7) 
y-1 
y 
M 
k(l+Z) h 
2(y- 1) __ M __ W 
y y ( y + 1) (y + 7) k (Z + 1) 
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( 13a) 
(13b) 
t 13c) 
~ 13d) 
( 13e) 
where M is the atomic mass, Z is the average charge on the ions, k is Boltzmann's 
constant and W is, of course, the quantity defined in equations (lOa) above. In 
addition, we find from the energy balance (equation (9)) that the total voltage 
drop between the cathode and the sonic point is 
v = ~ 
s l'0 
mW 
while the total drop along the arc axis is simply 
( 13f) 
( 13g) 
If it is assumed that all this energy is converted into directed motion, one 
obtains a final expansion velocity for the gas of 
D. CONCLUSIONS 
The main conclusions to be drawn from the results pre.sented above are apparently 
the following: 1) the jet temperature is rather high, 2) the jec pressure is 
also relatively high compared to the ambient for a considerable distance down-
stream from the exit, and 3) the gas acceleration is primarily thermal in 
nature. The j x B forces play an important, but somewhat indirect role in the 
acceleration mechanism by confining the jet gas within a ''magnetic nozzle'' 
configuration so that it can be heated to the temperatures and pressures 
required for the thermal acceleration. 
Because of the large number of rather gross approximations which were made 
in the present calculations, they should be taken only as indicating qualitatively 
the sort of conditions which are to be expected in the MPD arcjet. To obtain a 
more quantitative prediction of the arc behavior, the ''magnetic nozzle'' calcula-
tion reported here should be extended to include, among other things, non-
equilibrium effects, in particular the possibility of different electronic and 
ionic temperatures and the effects of current and energy losses or gains in the 
"nozzle" due to radial flow of current and energy through the sides. Work is 
now underway to try to incorporate these effects into the model. 
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APPENDIX G 
EXHAUST VELOCITY MEASUREMENTS USING A J:!X.Ji PROBE 
The use of a ~x ~probe for directly measuring the velocity in the exhaust of 
the MPD arcjet was initiated because the velocity values obtained at this lab-
oratory using the probe in the exhaust of a 30-kw constricted arc arcjet were 
found to agree well with the values of velocity determined for such an engine 
by the conventional method of determining engine specific impulse by taking the 
ratio of engine thrust to mass flow rate. 
Four different gases were used with the 30-kw engine, namely hydrogen, 
helium, nitrogen, and argon. The power levels were in the vicinity of 5 to 20 
kw and the specific impulses ranged from 180 seconds (velocity of 1. 8 x 105 
em/sec) for argon to 1000 seconds (1. 0 x 106 em/sec velocity) for hydrogen. 
The experimental measurements are summarized in table G-1 which lists the 
engine operating conditions, the average velocity as determined by the£. x ]i 
probe, <u>, the average velocity from the specific impulse values, I5 P g , and 
<u>- I g 
finally, the relative difference, sp By general inspection of the table, 
<u> 
it is seen that on the average, the relative disagreements are not very great 
and several measurements were therefore performed using the£. x Q. probe in 
the exhaust of an MPD arcjet (Model X- 2C). 
Figure G-1 shows a plot of g I versus the average velocity <u> determined by the 
u x B probe method with amm.~fua propellant. Ideally, the points would lie on 
the straight line drawn on the figure. The points shown do not represent 
individual measurements, but are rather the averages obtained over a large 
number of measurements. The scatter in the measured values was quite 
large, as high as 50 percent at the 1. Oxl06 em/ sec velocity point. 
It is at present not completely clear exactly what the validity of the ~ x ~ meas-
urement is in the exhaust of the MPD arcjet. This is due to the fact that, 
unlike the exhaust of the constricted arc engines, the extent of current flowing 
in the MPD exhaust is not known with any great accuracy and these currents, 
if and where they do exist, can introduce parasitic electric fields (such as the 
Hall field) between the probe sensors and lead to erroneous interpretation of 
the velocity measurements. 
A second interpretative consideration arises from the somewhat different 
quantities measured by the two methods. The specific impulse is determined 
by 
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0' 
Q. 
"' H 
85-5246 
PROPELLANT; AMMONIA 
MASS FLOW RATE: 0.010-0.117 GM/SEC 
ARC Cl)RRENT: 600-1800 AMPERES 
INPUT POWER : 30-65 KW 
MAGNETIC FIELD: 500-1500 GAUSS 
1.0 2.0 
~ x §! PROBE VELOCITY,<u>, 106 em/sec 
Figure G-1 COMPARISON OF VELOCITIES AS MEASURED BY T/m AND U x B PROBE 
-l 76-
3.0 
T 
m JR p u rdr 
0 
whereas the..!:!. x Jiprobe measures 
<u> 
It can, however, be sh.own that unless the exhaust momentum and mass flow 
distributions are very unusually extreme, as for example, if all the momentum 
is restricted to the exhaust axis, while the mass flow is restricted to the wings 
of the exhaust, that this difference does not exceed approximately 10 to 20 
percent. Even for the extreme example just cited, the difference would be 
only of the order of 35 to 40 percent. 
Work with the..!:!. x ]iprobe is presently continuing under another program and 
the considerations.just outlined, as well as several others considered to be of 
much less importance, are being studied to determine their importance in the 
interpretation of the data obtained. 
The program under which the.!!. x ]iprobe was developed originates from the 
Aeronautical Systems Division, Wright-Patterson Air Force Base, and is 
entitled Gas Acceleration through Interaction of Electrical Discharges with 
Pre-Ionized Gases and Magnetic Fields, and is conducted at Avco RAD under 
Contract No. AF33(657) -11310. The data of table G-I were taken from Monthly 
Letter Report No. 9 of this program. 
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